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Dynamics of Chemical Bath Deposition of  
Inorganic Thin Films for Photovoltaic Applications 
 
Borirak Opasanont 
Jason B. Baxter, Ph.D. 
 
Chemical bath deposition (CBD) is a simple, low cost and scalable technique to deposit 
inorganic films, but lack of fundamental understanding and control of the underlying chemistry has 
limited its versatility. We combined the use of a continuous-flow microreactor (CFµR), speciation 
modeling, and novel time-resolved bath characterization techniques to better understand the 
evolution of the baths and its impact on film formation and properties. The model system for this 
study was ZnS, a wide band gap semiconductor whose many applications, such as photovoltaic 
buffer layers, require uniform and continuous films down to several nanometers thick. 
In CBD of ZnS, oxygen is often incorporated into the film as oxide and hydroxide to form 
Zn(S,O,OH). Oxide tunes electronic band levels while hydroxide detrimentally affects electronic 
device stability. Efforts to understand the film formation and gradation of the film stoichiometry and 
properties are limited by film thicknesses of ~50 nm that are smaller than the probe size of many 
characterization techniques. We used a CFµR to investigate relationships between bath composition 
and film properties deposited from a high-performance alkaline recipe. For decreased film oxygen 
content, the near-neutral deposition regime was explored. Hexamethylenetetramine (HMTA) was 
successfully used as an additive to maintain near-neutral pH for rapid deposition of continuous film 
with reduced oxygen impurities. 
Complexing agents, or ligands, limit the free metal ion concentration and control the film 
deposition rate, but their dynamic properties are poorly understood. We demonstrated that dynamic 
speciation modeling is a powerful tool in predicting the ligands’ throttling behavior. Time-
dependent deposition rate was captured through spatially-dependent film thickness by CFµR, and 
confirmed the prediction of the model. Understanding bath dynamics is crucial to advancing CBD 
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from the traditional “recipe-based” perception to a level in which film properties can be fully 





Chapter 1. Introduction 
Chemical bath deposition (CBD) is an old but simple, low cost, and scalable technique to 
deposit inorganic films. First mention of CBD for inorganic films dated back to 1844 by Emerson-
Reynolds for deposition of PbS.1 CBD has received significant increase in level of interest over the 
past decade thanks to the increasing need to deposit semiconductor thin films on large scales. A 
simple search with keywords chemical bath deposition in the Web of Science (Thomson Reuters) 
shows almost five-fold increase from 112 results in 2004 to 536 results in 2014. However, lack of 
fundamental understanding and control of the underlying chemistry has limited its versatility. CBD 
is normally performed by immersing a substrate into a supersaturated solution containing a metal 
salt, a complexing agent, and an anion source. Challenges of probing phenomena in liquids has led 
CBD to be traditionally viewed as a “recipe-based” approach, where a film outcome is related to the 
starting condition without detailed characterization and fundamental understanding of the evolution 
of the bath. 
In this work, we combined the use of a continuous-flow microreactor (CFµR), speciation 
modeling, and novel time-resolved bath characterization techniques to better understand the 
evolution of the baths and its impact on film formation and properties. The microreactor uses a 
millimeter reaction channel with the substrate acting as one reactor wall. The microreactor behaves 
like a laminar flow reactor whereby the bath composition changes as the reaction proceeds with 
residence time down the channel, but the composition at any position is time-invariant. Transposing 
time-evolution into spatial-evolution results in a thin film with stoichiometry graded laterally over 
centimeters rather than through the ~50 nm thickness of a typical batch-deposited film. Spatially 
resolved characterization of the substrate enables rapid and direct correlation of material properties 
to bath conditions. 
Time-resolved bath characterization is traditionally limited to the measurement of pH, 
which provide only a partial view of the changing deposition conditions. In order to compute 
deposition driving forces, concentrations of all key reactants need to be known. We employ 
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microwave plasma-atomic emission spectrometry (MP-AES), sulfide ion-selective electrode, and 
attenuated total reflection-Fourier transformed infrared spectrometry (ATR-FTIR) to monitor the Zn2+ 
ion, S2- ion, and precursor concentrations in the bath as they evolve with time. These data were 
used in building the speciation model for understanding the changing deposition driving forces and 
their relationships with film properties obtained from the CFµR. The combined experimental and 
modeling approach provides unprecedented descriptions of the evolution of CBD baths. 
CBD finds its major application in the deposition of CdS buffer layers in thin film 
photovoltaics such as Cu(In,Ga)(S,Se)2 (known as CIGS) and Cu2(Zn,Sn)(S,Se)4 (known as CZTS). The 
n-type CdS performs well as a buffer layer as it forms high quality junction with the p-type CIGS and 
CZTS absorber layers (Figure 1.1). Buffer layers are thin and transparent to allow maximum incident 
light to reach the absorber layer for photocurrent generation, yet continuous and thick enough to 
protect the absorber layer from subsequent processing steps.2 CdS films deposited by CBD satisfies 
these criteria well, and are typically 50~100 nm thick. Absorbers immersed in CBD-CdS bath also 
benefit from cleaning effects through removal of copper oxide phases and impurities before 
deposition of CdS occurs. However, the band gap of CdS of only 2.4 eV causes it to absorb part of 
the blue wavelength region of the incident spectrum. Cd is also generally viewed as a toxic 
substance and harmful to the environment. Therefore, much research efforts are put into seeking Cd-




Figure 1.1. (a) Band diagram of a representative CIGS device with CdS buffer layer bending the bands 
of the CIGS absorber layer to aid in photoelectron collection. (b) Cross sectional SEM micrograph of a 
representative CIGS device showing the extremely thin CdS buffer layer on the CIGS absorber. Adapted 
from Ref 4. 
ZnS is an ideal candidate for an alternative buffer layer as it is an n-type semiconductor 
with a wide band gap of 3.6 eV and is abundant and non-toxic.5 Thus, ZnS offers potential for 
increased photoelectron generation in the blue wavelength region for the device (Figure 1.2), as 
well as reduced toxic processing steps and wastes. CIGS devices with ZnS buffer layers have 
demonstrated high cell efficiencies that are better than, or comparable to, cells with CdS buffer 
layers.6,7,2 However, ZnS thin films deposited by CBD tend to include oxygen impurities in the form 
of oxide and hydroxide, and are more appropriately called Zn(S,O,OH). Oxygen content impacts 
the conduction band position as well as the band gap.8,9 Since the band gap varies within the UV 
range, it has less impact on photovoltaic device performance than does the conduction band 
alignment with the absorber layer.10 Although oxygen is useful in tuning band alignment, hydroxide 





Figure 1.2. An example of external quantum efficiency gain by using ZnS buffer layer in place of the 
traditional CdS buffer layer. Adapted from Ref 7. 
The majority of the recipes available for deposition of ZnS uses the alkaline regime with 
thiourea (TU) as the sulfur source and hydrazine additive.13 One effect of hydrazine is to speed up 
the deposition, although its exact mechanism is not fully understood. It should be cautioned that 
hydrazine is highly flammable and toxic and should be handled with great care and proper 
protection. Because of the hazardous nature of hydrazine, recipes producing high quality films 
without the additive have emerged more recently, but require high concentrations of ammonia.7,14 
These recipes are capable of producing high performance photovoltaic devices, but their film 
formation are not fully understood. Like nearly all CBD studies, only the initial conditions and the 
film properties were reported. Hence, the primary focus of this work is on developing insights into 
the dynamics of CBD in order to bridge the knowledge void between the initial conditions and the 
film outcomes. The fundamentals of CBD are discussed in Chapter 2, including the importance of 
saturation index (SI) in defining the deposition driving force. Chapter 3 details the basis behind 
speciation modeling, a computational tool for calculating the SI. Chapter 4 reviews the motivation 
and design elements of the CFµR that enable it to connect evolving bath conditions to film 
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properties. The contents of these chapters serve as the foundation for experimental designs and 
detailed analyses in the subsequent chapters in this thesis. 
In order to push CBD towards strategic design of recipes, the relationships between bath 
conditions and film properties in the high performance Zn(S,O,OH) recipes using the alkaline pH 
regime and TU or thioacetamide (TAA) sulfur sources were studied. Chapter 5 reports the use of the 
CFµR and speciation modeling in understanding the time-evolution of these recipes and their effects 
on film properties. The SI of Zn(OH)2 and ZnS phases were found to control nucleation and growth, 
respectively, as well as the hydroxide and sulfur contents in the film. 
Since the SI govern film stoichiometry, lower oxygen content Zn(S,O,OH) films can be 
achieved for potentially improved buffer layers with lower pH baths. Chapter 6 discusses the 
development of a novel deposition chemistry in the near-neutral pH regime. 
Hexamethylenetetramine (HMTA) was used as an additive in a typical bath consisting of Zn salt, 
complexing agent and TAA sulfur source. TAA consumes hydroxide in solids formation and hence 
reduces pH with bath time. HMTA was added as a homogeneous source of hydroxide through its 
slow thermal decomposition, hence maintaining near-neutral pH and high TAA reaction rate. 
Continual nucleation was achieved, leading to rapid deposition of Zn(S,O,OH) film with low 
oxygen content. The novel chemistry produced film on CZTS absorber layer with total coverage at 
10~20 nm thickness within 10 min, highly suitable for photovoltaic buffer layer processing. 
Kinetics of Zn(S,O,OH) deposition can also be manipulated by selecting a complexing 
agent with suitable Zn2+ throttling behavior. Chapter 7 describes a well-designed comparison study 
between ethylenediaaminetetraacetate (EDTA), nitrilotriacetate (NTA) and citrate complexing agents 
in governing the free Zn2+ ion availability. Due to its high primary stability constant, Ks, EDTA 
showed dramatic deposition rate reduction over time as predicted by the speciation simulation and 
confirmed by the microreactor-deposited film thickness profile. On the contrary, NTA and citrate 
have lower Ks values and showed gradual throttling of free Zn
2+ ion concentration over the course of 
the reaction time. The results highlight the importance of understanding the time-evolution behavior 
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of the complexing agents as well as other bath parameters. Speciation modeling is a powerful tool in 
predicting the evolution and the outcome of the deposition. 
The simplicity and low-cost advantage of CBD is attractive for many thin film applications 
and can certainly benefit from strategic bath design and engineering for achieving tailored film 
properties. Chapter 8 concludes the work in this thesis and presents potential adaptations of the 
continuous flow approach for thin film processing as well as the speciation modeling for designing 
CBD baths.  
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Chapter 2. Fundamentals of Chemical Bath Deposition 
The long history of chemical bath deposition (CBD) does not translate into complete 
understanding of the technique. Researchers of CBD face great challenges in probing the multi-
species and driving forces present in the liquid phase. Yet, fueled by the low-cost promise of the 
technique, substantial knowledge has been gathered over the decades that defines majority of the 
fundamental understanding that we have today. Still, a lot more understanding is needed to advance 
CBD towards achieving desired outcomes by strategically designing the process. 
This chapter uses ZnS as an example, although the concept can generally be applied to 
other material systems. Coverage in this chapter is to provide the reader with sufficient background 
for understanding the work in this thesis. In-depth discussion about fundamentals and applications 
of CBD can be found in Chemical Solution Deposition of Semiconductor Thin Films by Gary 
Hodes.13  
2.1. Thermodynamic Considerations 
The fundamental principle of CBD lies on the simple solubility of the inorganic compound 
of interest. Although all ionic compounds are soluble in aqueous solution to a certain extent, a 
compound is considered insoluble if it has low solubility limit. The solubility limit is governed by 
the solubility product, Ksp, a temperature dependent property. We compare the product of the 
activity of the cation and anion of the compound of interest to this limit to determine the degree of 
saturation. Supersaturation is expressed as the saturation index (SI) of an insoluble compound. For 
example, for ZnS: 
𝑆𝐼(𝑍𝑛𝑆) = 𝑙𝑜𝑔!" 𝑎!"!! ∙ 𝑎!!!𝐾!"(𝑍𝑛𝑆)  
where 𝑎!"!! and 𝑎!!! are activities of free Zn2+ and free S2- ions in the solution, respectively. SI 
greater than 0 would imply supersaturation condition; and at a sufficiently high SI, nucleation 
occurs. Growth on a nucleus or a suitable surface may also occur, which lowers the SI until SI~0. 
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Negative SI implies undersaturation condition so that it is thermodynamically unfeasible to deposit 
the compound. As a first approximation, concentration can be used in place of activity. 
We consider the solubility product Ksp(ZnS) = 3 × 10
-25 M2 at 25 °C.13 Suppose an equimolar 
solution of Zn2+ and S2- ions were mixed, a concentration of ~10-12 M of each reactant would be 
needed to achieve SI > 0. Such concentration is very difficult to reproduce, as typical solutions are 
reliably made in 1~10-3 M range. Even if solutions were made at such minute concentrations, the 
consumption to form solids will quickly deplete the precursors, reducing the SI rapidly to 0 and 
terminating the deposition. Therefore, typical CBD baths are made within the normal 1~10-3 M 
concentration range, but they use kinetically controlled release of S2- ions as well as complexing 
agents to suppress the availability of free Zn2+ in bath. The complexing agents, also known as 
chelating agents or ligands, perform two functions: (1) to complex the metal cation in the bath and 
limits its free availability through equilibria, and (2) to throttle the release of the metal cation as the 
bath evolves with the deposition. The first role is rather well known and understood. The second 
role, however, is less considered in the design of a CBD recipe and is treated in this thesis. 
Equilibria of complexing agents as well as other species in aqueous solution is governed by 
a temperature-dependent thermodynamic property called the stability constant (or equilibrium 
constant), Ks. Stability constant defined for a general equilibrium of the type: 𝑏𝐵 + 𝑐𝐶 +⋯+ 𝑑𝐷 ⇌ 𝑥𝑋 + 𝑦𝑌 +⋯+ 𝑧𝑍 
is: 
𝐾! = 𝑎!! ∙ 𝑎!! ∙⋯ ∙ 𝑎!!𝑎!! ∙ 𝑎!! ∙⋯ ∙ 𝑎!!  
where a is activity of the subscripted species, and generally can be approximated by their 
concentrations. Primary Ks defined for an equilibrium between Zn
2+ and a ligand, L, is: 
𝐾! = 𝑎!"!!!!𝑎!"!! ∙ 𝑎! 
and large magnitude of this value implies strong binding affinity for the metal ion, and vice versa. 




Table 2.1. Primary Ks value of common complexing agents involved in chemical bath deposition.  













Ethylenediaminetetraacetate (EDTA) has the largest Ks value and hence binds the strongest 
to Zn2+ while nitrilotriacetate (NTA) and citrate bind relatively weaker. As such, a relatively small 
amount of EDTA is needed in the bath as compared to NTA and citrate to result in the same free 
Zn2+ ion concentration. Strongly binding agents also tend to hold on to the remaining metal ions 
strongly while part of the metal ions is consumed in solids formation. As a result, free metal ions are 
less readily available in EDTA-containing bath as the bath evolves. In alkaline deposition regime of 
ZnS, ammonia is typically used for two roles: (1) to complex with Zn2+ ion and controls its 
availability, and (2) to provide high pH bath condition through its equilibrium reaction with water 
molecules.  
CBD-grown ZnS films tend to incorporate oxygen in the form of oxide and hydroxide, and 
are more appropriately called Zn(S,O,OH).6,7,13 This is because the Ksp of Zn(OH)2 and ZnO phases 
at the deposition temperatures (Table 2.2) are only a few orders of magnitude away from that of 
ZnS. Therefore, careful design of concentrations in the bath is required to achieve desired film 
stoichiometry. 
Table 2.2. Solubility products of the species involved in the deposition of Zn(S,O,OH), as calculated 
from PHREEQC database. To be used with molar concentrations. 






70 1.7×10-16 3.5×10-17 3.5×10-23 




Once the bath is in supersaturation upon precursor mixing and/or application of heat, the 
bath attempts to lower its Gibbs free energy by removing the excess concentration in the solution 
through solids condensation. The bath needs to first undergo nucleation in creating solid-solution 
interface and in doing so, suffers energetic penalty from creating an interface.13 Nucleation occurs 
as a result of random fluctuations in the bath that cause nuclei to be created. Some of the nuclei 
quickly redissolve as they lose out to the energy barrier, while others grow past the critical radius, 
Rc, where it has 50:50 chance of surviving, and live (Figure 2.1). Typical Rc is 1~2 nm. Because of 
this energy barrier, very high degree of supersaturation may be required to initiate solids formation 
in certain cases. In general, nucleation can be enhanced by increasing random fluctuation 
probability through increasing temperature, pressure or concentrations.  
 
Figure 2.1. Energetics of nucleation. The critical radius, Rc, depends on the balance between surface 
and volume energies of the growing particle. Adapted from Ref 13. 
Nucleating on an existing surface (heterogeneous nucleation) is relatively easier as 
compared to nucleating in the solution (homogeneous nucleation) because surface energy provides 
reduced energy barrier. The magnitude of this advantage, however, is highly dependent on the 
nature of the surface. While the film nucleation process is still not fully understood or reliably 
quantifiable, some general observations have been made. Surfaces with higher energy, from defects, 
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charge, or impurities, tend to allow more facile nucleation or attachment of nuclei.16 The same can 
be said for surfaces with chemical similarity to the depositing material, likely because of similar 
crystal structure, lattice matching, or nature of the bonds.17 An extreme example is a surface 
composed of the same material as the depositing material itself, which would mean that the surface 
is essentially a particle whose radius is far beyond the critical radius, and additional surface 
generation is far less penalizing as compared to the benefit of volume reduction. The other extreme 
is a substrate that is highly incompatible with the depositing material, hence it does not provide any 
energetic advantage over homogeneous nucleation, and thus nucleation on the surface or in the 
solution are equally probable.  
In theory, CBD baths can be designed to operate within the window of advantage that most 
surfaces offer for high film formation yield versus losing precursors to undesired precipitate 
formation. However in practice, such design is difficult to implement due to unintended fluctuations 
like inhomogeneous heating, or presence of dust particles in the bath, that cause precipitate 
formation as well. Precipitate competes with film for precursors in their growth. Hence CBD baths 
are usually optimized for desired film properties but occasionally also for minimal precipitate 
formation. 
Film deposition can begin from both types of nucleation. Heterogeneous nucleation can be 
followed with ion-by-ion or complex-decomposition growth mechanisms. Nuclei formed in the 
solution can also grow and be attached to the substrate through cluster-by-cluster mechanism. 
Detailed treatment of these mechanisms are found in Ref 13. 
2.2. Kinetic Considerations 
In CBD, film can be formed through various reaction pathways. The most common is the 
ionic reaction between the free cation and free anion. In this pathway, the deposition driving force 
that governs the kinetics of film formation is the saturation index (SI) as mentioned earlier. The free 
cation availability is governed by the thermodynamic equilibria of the complexing agent, and 
repartitioning is instantaneous as compared to the kinetics of the decomposition of the sulfur 
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precursor compound, or solids formation. In the case of CBD-ZnS deposition, common sulfur 
precursors are thiourea (TU) and thioacetamide (TAA). TU is widely used in the alkaline (pH 9~11) 
deposition of ZnS because its decomposition is on a suitable time-scale for the deposition.18 In 
lower pH regimes, TU decomposes too slowly for use as a sulfur source. TAA decomposes very 
quickly in the alkaline regime and requires great control over its concentration when used.19 TAA is 
more widely used in the near-neutral and acidic deposition of ZnS as the decomposition rate is 
more suitable in these pH regimes.20,21 
In the near-neutral regime, Bowersox et al. found that kinetic of ZnS precipitation from TAA 
as the sulfur source is dominated by the direct reaction between Zn2+ ions and TAA, and not via 
Zn2+-S2- reaction as introduced above.22 Later, Yamaguchi found that ZnS film deposition in the 
same pH regime reflected the precipitation rate proposed by Bowersox et al.23 The deposition rate 
equation, adapted for use with presence of complexing agent, is: 
− 𝑑 𝑡𝑜𝑡𝑎𝑙  𝑍𝑛!!𝑑𝑡 = 𝑘 𝑓𝑟𝑒𝑒  𝑍𝑛!! 𝑇𝐴𝐴𝐻! !/!  
where dependence on pH is exhibited as the denominator on the right hand side. 
Typical time-evolution of CBD deposition involves nucleation phase, growth phase and 
termination as shown in Figure 2.2. In some cases, an induction time may be present where no film 
or precipitate is registered. Insufficient S2- ion generated by the slowly decomposing sulfur 
precursor, inhomogeneous mixing, or insufficient temperature could be the reasons for the delay. 
Film deposition need not be carried out through termination if desired film thickness is achieved. 







Figure 2.2. Typical shape of time-dependent CBD film deposition curve. Adapted from Ref 13. 
Previous descriptions and impacts of the bath evolution have been largely limited to pH 
and deposited mass measured with quartz crystal microbalances (QCM).24–26 The analysis on 
experimental results are often based on the initial bath conditions due to limited fundamental 
understanding of the time-evolution of the baths. By using speciation modeling, novel dynamic bath 
characterizations, and the continuous flow microreactor, deeper insights into deposition dynamics 




Chapter 3. Equilibrium Speciation Modeling 
Speciation modeling is a computational tool that provides quantification of the equilibrium 
concentrations of the important species involved in CBD deposition. Speciation modeling is widely 
used in geochemistry for studying mineral erosion and seawater, where solution concentrations are 
compared to the saturation indices (SI) of the dissolving mineral phases. In CBD, this technique is 
used in reverse to calculate driving forces for solids formation. Essentially, speciation modeling 
provides the free metal ion concentration along with concentrations of other species. When anion 
concentration is inputted, SI is calculated as a measure of the deposition driving force. 
Speciation modeling requires concentrations of primary species (e.g. Zn2+, NTA3- for 
calculation of Zn(NTA)-) and temperature as the minimum input variables. Vast thermodynamic 
database of the species behavior is needed. We use PHREEQC software, developed by Parkhurst 
and Appelo at the US Geological Survey, in making the calculations.27 The software provides simple 
user interface with a built-in database of solubility products and selected stability constants. The 
software also allows manually specified solution pH and automatically corrects for cation-anion 
imbalances by adding Na+ or Cl- ions to the virtual bath. Additional stability constants and their 
temperature dependence data were obtained from the National Institute of Science and Technology 
(NIST) Standard Reference Database 46.15 
In this modeling calculation, activity coefficient, γ, is calculated using the Davies equation: 
𝑙𝑜𝑔𝛾 = −𝐴𝑧! 𝜇1 + 𝜇 − 0.3𝜇  
for charged species, and log γ = 0.1µ for uncharged species, where A is a temperature dependent 
term, z is the charge of the species, and µ is the ionic strength of the solution. For species with the 
Debye-Hückel parameters a0 and b available, the extended Debye-Hückel equation is used instead: 
𝑙𝑜𝑔𝛾 = −𝐴𝑧! 𝜇1 + 𝐵𝑎! 𝜇 + 𝑏𝜇  
where B is a temperature dependent term.  
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The primary species dissociate or complex with other species, and equilibrate in the bath as 
governed by the stability constants, Ks. As a thermodynamic parameter, Ks is dependent on 
temperature. For temperature correction of Ks values that are available at 25 °C, the Van’t Hoff 
equation: 
ln 𝐾!!𝐾!! = −∆𝐻⊖𝑅 1𝑇! − 1𝑇!  
is used where ∆𝐻⊖ is the standard enthalpy change for the process, R is gas constant, and T1 and T2 
are absolute temperatures in Kelvin. The Van’t Hoff equation assumes that the enthalpy is constant 
with the temperature changes, and thus inherently contains some degree of error. When available, 
an analytical expression of Ks with temperature of the form: 
𝑙𝑜𝑔!"𝐾! = 𝐴! + 𝐴!𝑇 + 𝐴!𝑇 + 𝐴!𝑙𝑜𝑔!"𝑇 + 𝐴!𝑇! 
is used for better accuracy. When ∆𝐻⊖ value is not available, the Ks value at 25 °C is used. 
Appendix A lists all equilibrium reactions, stability constants at 25 °C, and ∆𝐻⊖ as used in the 
models.  
PHREEQC solves these simultaneous equations by converting them into partial differential 
equations and solving them using Newton-Raphson method. PHREEQC works in the unit of Molality 
while results reported in this thesis are in the unit of Molarity for ease of interpreting the data by the 
CBD community. 
It should be noted that the thermodynamic data available were largely obtained for 
solutions close to the dilute limit with ionic strengths < 0.1 M. However, ZnS deposition baths 
typically have ionic strengths of 0.1~0.5 M and are considered rather high. These ionic strengths are 
still within acceptable range for modeling as they are less than the seawater limit of 0.7 M.27 
Speciation modeling provides access to quantifying complex CBD driving forces. Coupled 
with dynamic bath characterizations, speciation modeling offers novel insights into understanding 
deposition pathways for better design of CBD recipes.  
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Chapter 4. The Continuous Flow Microreactor (CFµR) 
In a batch reaction, chemical concentrations change with time. In a steady state continuous 
flow set up, chemical concentrations change with spatial position along the direction of flow, but 
the profile is invariant with time. The continuous flow approach to studying or performing chemical 
reactions in small channels under laminar flow regime is employed extensively in the microfluidics 
community. Chemical reactions in the flowing fluid can be studied precisely since laminar flow is 
well understood. Small volumes offer excellent control over heat and mass transfer, resulting in high 
precision. Small channels benefit from reduced usage of reactants and generated wastes, hence 
reduced cost of operation per reaction condition. One notable successful application of 
microfluidics approach to a long-established technique is the polymerase chain reaction (PCR) of 
DNAs.28 Extensive reviews of microfluidics and microreactors, largely for catalysis and biomedical 
applications, are available.29–32  
The difference of our microreactor compared to other microfluidic devices is our 
application to studying surface phenomena at the device walls in contact with the reacting solution, 
whereas other microfluidic device applications are largely interested in reactions in the fluid phase 
or interaction of the fluid phase with particles. While some existing chemical bath flow-reactor 
approaches are intended for uniform film deposition,33–38 the microreactor used here is designed to 
maintain a concentration gradient along the flow path to enable study of materials chemistry. The 
microreactor uses a millimeter reaction channel, with the substrate acting as one reactor wall. The 
microreactor behaves like a laminar flow reactor whereby the bath composition changes as the 
reaction proceeds with residence time down the channel, but the composition at any position is 
time-invariant. Transposing time-evolution into spatial-evolution results in a thin film with properties 
graded laterally over centimeters rather than through the thickness of a batch-deposited film. 
Spatially resolved characterization of the substrate enables rapid and direct correlation of material 




Figure 4.1. (a) Top view of the microreactor, with its inlet and outlet distribution channels, and a 40 mm-
long deposition chamber. (b) Side view depiction of the workings of the microreactor. The substrate 
acts as the top wall and is heated from its backside by a strip heater. Laminar flow brings fresh 
reactants from the inlet through the deposition chamber. Reaction and deposition during flow lead to 
changing concentration along the length of the reactor, but the concentration profile does not vary with 
time. (c) Photograph of a representative Zn(S,O,OH) film. Interference fringes denote gradation of film 
thickness and properties along the substrate length. 
4.1. Setup 
The microreactor is machined out of 316 stainless steel and has inlet and outlet ports 
















wide, 40.0 mm long, and 1 mm deep. The inlet connects to the deposition chamber via distribution 
channels with 16 openings to provide a flat residence time front across the chamber. The 
distribution channel design was inspired by the microfluidic works of Folch and co-workers at the 
University of Washington.39 The substrate is placed face down and sealed to the microreactor by a 
rubber gasket as depicted in Figure 4.1b. The rubber gasket is of 1/32” thickness (Viton 75A 
durometer, McMaster-Carr) cut to specific shape to fit over the distribution channel and around the 
deposition chamber. Thickness of the sealed gasket was verified to be 0.7±0.1 mm with metal shims 
of known thickness, so that when combined with the distribution channel height of 0.3 mm, the 
deposition chamber is 1.0±0.1 mm in depth. 
The microreactor is supported by the setup as shown in Figure 4.2. Reacting solution is fed 
into the chamber by two syringe pumps (New Era NE-500) through a dynamic mixer (Gilson Model 
811) via 0.04-inch ID PEEK tubings (Upchurch). Typically, one pump contains zinc salt and 
complexing agent while the other contains the sulfur precursor. The reacting solution flows down 
the reaction chamber and out of the microreactor through a 20-psi backpressure regulator 
(Upchurch) that suppresses bubble formation in the chamber. The substrate is heated from its back 
side by a Kapton heater (Minco or Omega) with temperature controlled by a PI controller to within 
±0.1 °C. Finite element modeling (COMSOL Multiphysics) is used to calibrate the heater set point to 
achieve desired substrate-solution interface temperature, depending on the known thermal 




Figure 4.2. Continuous flow microreactor setup with its auxiliary equipment. Fluid lines in blue and 
electrical lines in red. (a) Syringe pumps feed precursor solutions to (b) a dynamic mixer who feeds the 
combined solution to (c) the microreactor. (d) A level-adjustable base plate ensures that the 
microreactor channel is horizontal so that flow is balanced between the channel sides. The 
microreactor outlet is connected to (e) a 20 psi back-pressure regulator which suppresses bubble 
formation within the microreactor. (f) The substrate placed as the top reactor wall is back-heated by (g) 
a resistive strip heater whose heating rate is controlled by (h) a temperature sensor (thermocouple) 
through (i) a computer with proportional-integral control. 
Since the microreactor operates in the creeping flow regime, effects of gravity become 
significant. The flow profile within the microreactor is affected by the horizontalness such that the 
flow is faster in the lower side and slower in the higher side. Horizontalness is monitored using a 
bull’s eye bubble level sensitive to 10 min/0.1” (McMaster-Carr). Leveling control is achieved by 
adjusting thumbscrews at the corners of the base plate. 
4.2. Operation 
Typical flow rates are between 1.15 to 2.30 mL/h, which translates to average flow velocity 
of 1 to 2 mm/min along the length of the chamber. These flow rates are chosen as they ensured 
laminar flow with Reynolds number several orders of magnitude less than one, and the resultant 
residence time of 20-40 min in the chamber covers the period of interest in an equivalent batch 










greater than one, as determined using the slowest flow rate (1.15 mL/h) and the fastest diffusing 
species (OH-, ~6 × 10-5 cm2/s).40 The deposition chamber was filled with an initial charge of reacting 
solution before heating. Reaction temperature at the substrate-solution interface was set to 70 - 90 
°C, which took ~10 min to reach upon heating from room temperature at startup. At steady state, 
the incoming solution reaches the desired temperature within 3 mm of flow as computed by finite 
element modeling (COMSOL), equivalent to the period of time required for a cold substrate to heat 
up in a hot bath.  
Because of the initial charge of reacting solution in the microreactor chamber at startup, the 
resultant film has the same initial condition at all positions. Thus, the microreactor has two time 
domains in its operation: (1) absolute time-domain where the reaction starts as soon as heat and 
flow is applied to the initial charge of reacting solution, and (2) flow time-domain where fresh 
reactants enter the deposition chamber from the inlet at steady-state and gets heated as it flows 
down the chamber. These two time domains provide unique perspective into the workings of CBD. 
Bubble formation is highly undesirable in the deposition chamber during deposition 
because it causes blockage of flow and disrupts flow profile. Backpressure regulator is effective in 
suppressing bubble formation to an extent. Degassing the solutions at 15 min with sparging helium 
gas to remove dissolved gasses prior to loading them into the syringe pumps can also help to 
minimize bubble formation especially when performing deposition at 90 °C. 
4.3. Design Elements 
The microreactor features the distribution channel as a key design. The distribution channel 
is designed to distribute the incoming solution from a single-point inlet into a straight residence time 
front as the solution enters the deposition chamber. The purpose of such a design is to achieve 
uniform film properties across the 19 mm width of the substrate, while benefiting from the gradient 
generated along the 40 mm length of the chamber (See Figure 4.1c). The substrate can be rapidly 
characterized with conventional tools with a wider sampling area across the substrate. 
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Straight residence time front is crucial to studying CBD samples because chemical reactions 
are our primary interest. Chemical reactions start immediately after mixing the reactants in the 
dynamic mixer but with very slow kinetics since the temperature is not elevated. To ensure uniform 
bath and film properties across the channel width, both velocity profile and residence time (after 
leaving the mixer) needs to be the same for all streamlines entering the deposition chamber. To 
achieve that feat, a series of 1:2 branching is used to split the solution towards the inlet front. Any 
higher ratio of splitting will not yield consistent residence time in the branches since the outermost 
branches will always require longer time to get to the front. However, if the microreactor is used to 
study other phenomena that are initiated by the substrate or external forces (e.g. catalysis or 
electrodeposition), only velocity profile needs to be consistent and the solution distribution can be 
of any design, since no reaction occurs before the inlet. 
While distribution channels can be branched indefinitely to attain perfectly straight front, 
the design was finalized to have 16 openings. With less branching, the inlet front does not achieve a 
straight front within tolerance of 1 mm. An extreme case of such approach is a single inlet hole 
opening directly to the deposition chamber, which would result in a semicircle residence time 
profile.41,42 With more than 16 branches, the branch channel cross-section needs to be smaller to 
accommodate the larger number of branches, and hence add unnecessary pressure-drop and 
surfaces for undesired pre-inlet deposition. The finalized design (Figure 4.3a) was extensively 
modeled in COMSOL Multiphysics to ensure that a straight residence time front was achieved prior 
to fabrication (Figure 4.3b). Particle Tracing module was used to apply an impulse of massless 
particles to the entrance of the distribution channel. The spatially dependent particle concentration 
was monitored as a proxy for residence time. Figure 4.3(c-e) shows the evolution of the particle 
concentration over time in the distribution channel. After 2.9 s, the particles exit the distribution 
channel and rise up toward the substrate with a curvature of less than 1 mm tolerance. The 
distribution channel design is successful in achieving straight residence time front and is 




Figure 4.3. (a) The microreactor design in SketchUp, a CAD program. The design is extensively studied 
in COMSOL Multiphysics for its transport properties (b). To ensure the overall outcome of the 
distribution channel results in an acceptable straight fluid front, particle tracing is performed using an 
impulse injection and their concentration is monitored with time (c 0.7 s, d 1.4 s and e 2.9 s). After 2.9 s, 
particles rise up towards the substrate with constant concentration within 1mm spatial position. 
Another benefit of having a flat residence time front is the potential for generating samples 
with piece-wise uniform film properties and still benefit from the gradient offered by the CFµR. 
Figure 4.4a shows the typical flow rate profile that is used in this thesis work, which results in film 
property profile as depicted in (b). If the flow rate is alternated between an impulse and no-flow as 
in (c), piece-wise uniform film properties along the direction of flow is possible as depicted in (d). 
The piece length and number of pieces within a substrate is inversely related, and can be controlled 
by the period of the alternated flow. Such approach is useful when piece-wise uniform film is 
desired, as in the case of device fabrication where at least 5~10 mm of uniformity is required.  





Figure 4.4. Flow rate profile can be modified to achieve desired spatial film pattern. (a) Constant flow 
rate yields (b) continuous gradation of film properties. (c) Impulsed flow profile yields (d) piece-wise 
uniform film over a defined distance, which may be useful for building devices, but still benefit from 
changing film properties on a single substrate. 
Continuous flow approach provides CBD with a unique perspective to further our 
understanding. The CFµR can be used as a materials chemistry tool in connecting the film properties 
to bath conditions in an unprecedented way. Other uses of the continuous flow approach to 
solution processing of materials such as for building combinatorial libraries of materials, for low-
voltage electrophoretic deposition, and for high-yield roll-to-roll processing are discussed in Chapter 
























Chapter 5. Relating Alkaline Deposition Conditions to Zn(S,O,OH) Thin Film 
Properties Using the Continuous Flow Microreactor 
5.1. Introduction 
High performance Zn(S,O,OH) films for photovoltaic buffer layers are commonly deposited 
by chemical bath deposition (CBD) in the alkaline pH regime using a zinc salt, a sulfur source and 
ammonia.2,6,7,14 Ammonia performs two key roles in such recipes: (1) to act as a ligand in controlling 
the free Zn2+ ion concentration in the bath, and (2) to buffer and maintain the pH at 10~11. 
Cu(In,Ga)(S,Se)2 (CIGS) photovoltaic devices with Zn(S,O,OH) buffers have shown comparable or 
better efficiencies than their CdS-buffered counterparts. However, the oxygen impurities in the films 
continue to be a concern for device stability. Understanding the dependence of film composition on 
bath chemistry is essential for controlling film composition and properties.  
It is often difficult to develop understanding using batch CBD because bath composition 
varies with time, resulting in gradation of the film’s properties and stoichiometry through its 
thickness. These gradients can significantly impact photovoltaic behavior, but measuring these 
graded properties is very challenging because the film thickness is small relative to the resolution of 
many characterization methods. To overcome this challenge, we have deposited CBD-Zn(S,O,OH) 
thin films using a continuous flow microreactor (CFµR) as described in Chapter 4. The microreactor 
produces thin films with stoichiometry graded laterally over centimeters rather than through the ~50 
nm thickness of batch-deposited films. Spatially resolved characterization of the substrate enables 
rapid and direct correlation of material properties to bath conditions. 
In this study, we report on graded composition profiles and nucleation and growth 
mechanisms of Zn(S,O,OH) films deposited using thiourea (TU) and thioacetamide (TAA) as sulfur 
precursors. TU is widely used in Zn(S,O,OH) deposition,6,7,43,44 thanks to its kinetically-limited 
release of S2- ions in alkaline bath, but it is too slow for industrial use. Conversely, TAA decomposes 
quickly in alkaline bath. Rough estimation of their decomposition kinetics suggests that TAA would 
provide 1~2 orders of magnitude more sulfide than TU in the first minute for the same temperature, 
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concentration, and pH.18,19 Recently, TAA was used to deposit Zn(S,O,OH) buffer layer of 
comparable cell performance to TU precursor, but with higher deposition rate.45 It is therefore of 
interest to study graded film properties resulting from these two precursors.  
Films were deposited on soda-lime glass, Cu2(Zn,Sn)Se4 (CZTS), and CdSe-coated 
substrates. The CZTS surface represents chalcogenide surfaces and has grain size and roughness 
similar to CIGS. The CdSe surface also represents chalcogenide surfaces46 but is less rough and has 
different composition from Zn(S,O,OH) for ease of chemical identification. Films deposited on CdSe 
are pinhole-free and are suitable for compositional analysis. Films deposited on glass have nodular 
morphology with high monodispersity, which allows for meaningful statistical analysis of the 
nodules. Spatially resolved measurements of bath composition are input to a speciation model to 
provide insight into driving forces for film formation, stoichiometry, and morphology. Initial 
nucleation occurs via supersaturation of Zn(OH)2 that is later inhibited due to reduction in pH, 
whereas the only role of ZnS species is to provide growth of Zn(S,O,OH) films. 
5.2. Experimental Details 
Soda-lime glass substrates cut to 25 mm × 60 mm were cleaned by sequential sonication at 
60 °C for 15 min in 20% Contrad 70 (Decon Labs), acetone-ethanol solution, and 1 M HCl, 
followed by multiple rinses in DI water and drying under nitrogen stream. For CdSe-coated 
substrates, SnO2:F-coated glass (FTO) (TEC15, Pilkington) were first cleaned similarly to glass, then 
electrodeposited with CdSe and subsequently annealed at 350 °C for 1 h and then 400 °C for 1 h to 
provide ~90 nm-thick CdSe film.47 CZTS-coated Mo/glass substrates were used as provided by 
DuPont.48 
Deposition Conditions 
Final concentrations of zinc sulfate 0.15 M, ammonia 4.0 M, and either thiourea (TU) 0.60 
M or thioacetamide (TAA) 0.0015 M after mixing were used. Reacting solution is fed into the 
chamber by two syringe pumps. One pump contains zinc salt and ammonia such that ZnO and 
Zn(OH)2 phases are undersaturated, while the other contains the sulfur precursor. For solutions with 
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TU, a total flow rate of 1.15 mL/h was used, resulting in 40 min residence time over 40 mm 
distance. For TAA, a flow rate of 2.30 mL/h yields 20 min residence time. After deposition of 3 h, 
substrates were rinsed with 2.5% ammonia to prevent unintended precipitation of Zn(OH)2 due to 
sudden decrease in pH.7 Films deposited from TU (TAA) precursor on glass are hereafter known as 
TU/glass (TAA/glass), whereas those deposited on CdSe/FTO/glass substrate are known as TU/CdSe 
(TAA/CdSe), and on CZTS are known as TU/CZTS (TAA/CZTS).  
Film Morphology 
Zn(S,O,OH) thin films were imaged using scanning electron microscopy (SEM, Zeiss Supra 
50VP) at 15 kV. Film thickness measurements were obtained using cross-sectional micrographs of 
the film. For statistical analysis of nodules, images were taken at 10,000× for 8 mm position, and at 
5,000× for 16 – 40 mm positions. Nodules were counted visually from the images and measured 
using Adobe Photoshop CS6 software with minimum observable resolution of ~20 nm (2 pixels). 
Film Compositional Analysis 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Physical 
Electronics VersaProbe 5000 with a monochromatic Al Kα X-ray source operated at 15 kV and 25 
W. The X-ray spot size was 100 µm. Surface contaminants were removed from the films by argon 
sputtering at 1 kV within an area 2 mm × 2 mm for 30 seconds under UHV conditions. Data 
analysis and peak fitting were performed using CasaXPS software with the relative sensitivity factors 
as recommended by the equipment manufacturer. 
As-deposited, annealed, and vacuum-treated Zn(S,O,OH) films were examined with 
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using an FTIR 
spectrometer (Nicolet 6700 Series, Thermo Electron). The films on glass were pressed against a 
trapezoidal single-reflection diamond ATR crystal (Specac Inc.) with spot size of 2 mm × 2 mm. All 
spectra were collected using a liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector 
with 32 scans per spectrum at a resolution of 2 cm−1. A background spectrum of the bare ATR 
crystal was collected, and all measurement spectra were subtracted from this spectrum. 
  
27 
Crystal Structure Analysis 
Grazing-incidence X-ray diffraction (GIXRD) was done on Zn(S,O,OH) films on 
glass/FTO/CdSe at incidence angle of 0.58° and spot size of 5 mm by using a Rigaku SmartLab 
diffractometer equipped with Cu Kα X-ray source operated at 40 kV and 44 mA and parallel beam, 
in-plane optics.  
Film Optical Properties Analysis 
Optical transmission measurements were done on a Thermo GENESYS 10S UV-Vis 
spectrophotometer in scanning mode with monochromator step size of 0.5 nm and beam spot size 
of 2 mm by 7 mm. The samples were oriented to maximize spatial resolution in the measurements.  
Bath Composition Analysis 
Sulfide Ion Profile Determination – After the microreactor reached steady state (~2-3 
residence times), the solution in the deposition chamber was quickly purged at 23 mL/h (Re ~ 1). A 
series of 0.10 mL (5 mm “spot size”) aliquots was collected in individual containers pre-loaded with 
chilled sulfide anti-oxidant buffer (SAOB) solution, and stabilized in a room-temperature water bath. 
Total sulfide concentration in each quenched sample was measured with a silver/sulfide ion 
selective electrode (ISE, OAKTON WD-35802-40) connected to a standard mV meter (Thermo 
Orion 4-Star pH/ISE). Details of the preparation of SAOB and calibration of sulfide concentration to 
voltage reading are provided in Appendix B.3. 
pH Profile Determination – Microreactor aliquot volumes were insufficient for 
measurements with a conventional pH probe. While in-line microelectrodes are now commercially 
available, they are not able to operate at bath temperatures. Therefore complementary pH 
measurements were done in batch CBD configuration. Zn salt and sulfur precursor solutions were 
preheated in a water bath to 70 °C. Ammonia was added to the Zn solution, followed by sulfur 
precursor solution, resulting in 20 mL of solution with final concentrations stated earlier. A pH 
probe (Thermo Orion 8102BNUWP), preheated and calibrated at 70 °C with NIST pH 7, 10, and 12 
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standards, was inserted into the beaker through an air-tight cap to prevent loss of ammonia. pH 
values were read from a connected meter (Thermo Orion 4-Star pH/ISE). 
5.3. Results & Discussion 
Deposition of Zn(S,O,OH) films in the CFµR operates similarly to the laminar flow model 
described in Chapter 4. Figure 5.1(a) and (b) shows a Zn(S,O,OH) film deposited from thiourea and 
thioacetamide precursor solutions, respectively, onto a CdSe/FTO/glass substrate. The interference 
fringes indicate variation of thickness, which changes monotonically along the length of the sample. 
Deposition patterns similar to the substrates were also visually observed on the bottom wall of the 
deposition chamber, as expected for a laminar flow reactor. 
 
Figure 5.1. Photographs of resultant Zn(S,O,OH) film deposited using (a) thiourea and (b) thioacetamide 
precursors on CdSe/FTO/glass. 
5.3.1. Morphology 
Because the time domain is translated over spatial positions, changes in film morphology 
along the length of a single substrate can be used to reveal information about nucleation and growth 
of the material. The thickness of the film at each position is also a representation of its growth rate. 
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Here we describe the evolution of film morphology. Details of mechanisms of nucleation and 
growth will be discussed in a later section. 
Thiourea Precursor 
Using TU precursor and glass substrate (TU/glass), no deposition is observed at 0 – 8 mm 
positions. This delay is due to the induction period commonly observed in Zn salt-TU-NH3 systems, 
where no film growth is registered in the first few minutes of batch growth.24 At 8 – 40 mm (Figure 
5.2a-d), spherical nodular morphology is observed. The nodules at each position are highly 
monodisperse and increase in size from ~250 nm at 8 mm to ~500 nm at 16 mm position, and to 
~600 nm at 40 mm position. 
On the contrary, film deposited on CZTS (TU/CZTS) is conformal to the texture of CZTS 
grains for 8 – 40 mm positions (Figure 5.2e-h). Film thickness increases from ~20 nm at 8 mm to 
~100 nm at 40 mm. At 0 – 8 mm positions, nodules less than 10 nm in size were found sparsely 
covering some facets of the CZTS grains, while other facets were fully covered with film, similar to 
previous observation on CIGS surface.16 Film deposited on CdSe (TU/CdSe) has similar morphology 
to TU/CZTS (Figure 5.2i-l) and was used for XPS and GIXRD measurements. XPS spectra of TU/CdSe 
at 0 mm shows presence of Zn, O, and S, along with ~4% of combined Cd and Se, which suggests 
that the film is largely continuous with thickness similar to the probe depth (5~10 nm). Absence of 
Cd and Se for positions downstream further supports that the film is continuous and free of cracks or 
pinholes. 
Thioacetamide Precursor 
Film deposited on glass using TAA precursor (TAA/glass) is ~750 nm thick at 0 mm position 
and decreases to ~160 nm at 8 mm. The film at 0 mm is dominated by cracks as shown in Figure 
5.2m. These cracks likely form upon vacuum treatment within the SEM. The film was specularly 
reflective before placement of the sample into a vacuum chamber (~10-4 Pa), but diffusely scattering 
after its removal. Correlation of cracking to changes in reflectivity was confirmed with an optical 
microscope. Cracks with less extent are observed further downstream to the 8 mm position (Figure 
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5.2n). At 16 – 40 mm, the film is dominated by non-continuous nodule-like morphology. Nodule 
diameters decrease from ~100 nm at 16 mm to ~50 nm at 40 mm (Figure 5.2o, p).  
 
Figure 5.2. Top view SEM micrographs of Zn(S,O,OH) film from thiourea precursor on glass at (a) 8, (b) 
16, (c) 24, and (d) 40 mm, at similar positions respectively on CdSe/FTO/glass for (e-h), and 45° view on 
CZTS for (i-l). Film from thioacetamide precursor on glass at (m) 0, (n) 8, (o) 16, and (p) 40 mm, on 
CdSe/FTO/glass at similar positions respectively for (q-t), and 45° view on CZTS for (u-x) are also 
shown.  All images are taken after 3 h of growth. 
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Similar to TU/CZTS, TAA film on CZTS (TAA/CZTS) is conformal to the texture of CZTS 
grains (Figure 5.2u-x). The film at 0 mm is also dominated by cracks similar to the film on glass. The 
thickness profile of the TAA/CZTS film at 0 – 8 mm are similar to TAA/glass. Beyond 8 mm, the film 
is continuous, as evidenced by XPS spectra on TAA/CdSe which shows only Zn, O, and S without 
Cd or Se; whereas the film at 40 mm has ~5% combined Cd and Se as the film thickness becomes 
comparable to the XPS probe depth. 
5.3.2. Film Composition 
The conduction band minimum (CBM) position of buffer layers relative to that of the p-type 
absorber is important for achieving efficient transfer of photoexcited electrons. Well matched CBM 
or a spike offset of up to ~0.3 eV is generally viewed as optimal for photovoltaic performance.10 In 
Zn(S,O,OH) film, the CBM is determined by the relative composition of sulfur and oxygen (as 
oxide), such that increasing S leads to higher CBM, and vice versa.8 It is therefore important to know 
the depth-resolved S/(S+Ototal) and S/(S+Ooxide) atomic ratios through the ~50 nm buffer layer 
thickness. In our case with the CFµR, the equivalent gradation is along the centimeter-scale length 
of the film. This transposition enables the use of mm-scale probes and surface-sensitive techniques 
to study such a thin film much more precisely. XPS is a surface-sensitive technique that provides 
elemental composition accurate to <1 at%. Figure 5.3a shows sulfur fraction expressed as S/(S+Ototal) 
ratio along the length of the films deposited on CdSe. Unlike glass, CZTS and CdSe surfaces enable 
continuous Zn(S,O,OH) film to be deposited. CdSe is used as a substrate for XPS as it has different 
elemental composition from that of the film, which allows decoupling of atomic contributions from 
the substrate and the film. TU/CdSe films exhibit increasing sulfur fraction from 0.46 at 0 mm to 
0.56 at 40 mm. The doublet S 2p peak obtained with pass energy of 23.5 eV can be fitted with one 
pair of pseudo-Voigt peaks with full width at half maximum (FWHM) of 1.2±0.1 eV. The tightness of 
the FWHM and the absence of sulfate peaks at ~170 eV means that the sulfide is the only oxidation 




Figure 5.3. Ratios of atomic composition as determined by XPS for TU and TAA films on CdSe. (a) Sulfur 
fraction increases with distance for TU film, but decreases for TAA film. (b) Hydroxide fraction 
decreases slightly with increasing distance for both films. 
On the contrary, sulfur fraction for TAA/CdSe films decreases from 0.59 at 0 mm to 0.42 at 
40 mm. The fast decomposition of TAA (hence higher [HS- + S2-] in the bath) is likely the cause of 
larger amount of sulfur in the film at earlier positions. Since the film at earlier positions is also the 
thickest, indicating high deposition rates, a film deposited from a TAA batch bath is likely to have 
high sulfur fraction at its absorber interface as well as for the bulk of its film. As the batch bath 
proceeds to a later time, the sulfur fraction in the incrementally grown film should decrease, as 
indicated by the resultant sulfur fraction at later positions in the microreactor-deposited film. The 
reduction in film sulfur fraction is due to the depletion of [HS- + S2-] in the bath.  
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Hydroxide content in the buffer layer is a potential concern for cell stability.11 To analyze 
the chemical nature of oxygen in the film, the (OH) and O atomic concentrations were extracted 
from deconvolution of O 1s XPS spectra (see Figure B.3 and Figure B.5 in Appendix B.2); and 
hydroxide fraction is expressed as (OH)2/[O+(OH)2]. Figure 5.3b shows the hydroxide fraction for 
TU and TAA films. Both films have a relatively constant hydroxide fraction profile of 0.43~0.47 as 
compared to its confidence interval of ±0.02, except that the 0 mm position of both films is slightly 
higher at ~0.49. The profile for the TU film is comparable to the hydroxide gradation through the 
film thickness reported by Kobayashi et al.12 Annealing at 200 °C for up to 60 min did not induce 
significant changes to the sulfur or hydroxide fractions for either TU or TAA films. 
The sulfide-oxide composition gradients through the buffer thickness affect the band 
alignment and band bending at the p-n junction. Atomic layer deposition (ALD) studies by Platzer-
Björkman et al. and Persson et al. revealed band offsets for different Zn(S,O) compositions, in which 
pure ZnS has large spike CBM-offset, while pure ZnO has a cliff-like CBM-offset with CIGS.8,9 The 
ALD data considers only oxide for the CBM position, and not hydroxide. The effect of Zn(OH)2 on 
CBM is not fully understood.49 Since the hydroxide fraction for both TU and TAA films are rather 
constant, the trends in S/(S+Ooxide) profiles of both films resemble those of the sulfur fraction 
S/(S+Ototal). The S/(S+Ooxide) profile for TU implies that a buffer layer deposited onto an absorber from 
a batch TU recipe is likely to have lower CBM at the buffer-absorber interface than in the bulk film. 
A similar composition profile is observed by Hubert et al.24 and Kobayashi et al.12 through the 
thickness of films deposited from Zn salt-TU-NH3 precursors. The gradient suggests that the CBM of 
such a buffer layer is likely to bend upwards toward the window layer and thus add resistance to 
photoelectron collection. In contrast, the S/(S+Ooxide) profile offered by the TAA system is opposite 
that of TU and may provide better photovoltaic performance by enhancing photoelectron collection 
through drift.  
While the composition profile of the TAA film is promising, the cracking of the films evident 
in Figure 5.2m requires further investigation. The cracking of TAA films upon thermal or vacuum 
treatment suggests the presence of volatile solvent. ATR-FTIR is a technique widely used for 
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investigating trapped solvents in materials, and it is highly sensitive to water. As-deposited TAA/glass 
film at 1 mm showed the H-O-H bending peak of water at 1630 cm-1 and broad O-H stretching 
band of water in the 2800~3500 cm-1 region as seen in Figure 5.4. The broad stretching band arises 
from overlapping features centered at 3370 and 3170 cm-1 which refer to different populations of 
water clusters. This broad feature decays with increasing distance, which could be due to less H2O 
content or the reduction of film thickness. However, the feature at 3170 cm-1 decays more 
significantly with increasing distance, and the peak position shifts from 3170 cm-1 at 1 mm to 3370 
cm-1 at 10 mm. The IR band at lower wavenumber represents water clusters with higher degree of 
self-association.50,51 This trend confirms that there is less H2O in the film with increasing position. 
H2O content is partly reduced after vacuum treatment at 10
-6 Pa for 12 h, and is completely 
removed after annealing at 200 °C for 10 min as shown by the comparison of IR spectra at the 1 
mm position. To estimate the amount of water in the film, thermogravimetric analysis (TGA) was 
performed on a powder sample scraped from multiple as-deposited TAA/glass films at 0 – 2 mm. 
The mass loss upon annealing at 200 °C for 10 min was estimated to be <1 wt%. The small mass 
loss is in agreement with the undetectable atomic OH changes by XPS between as-deposited and 
annealed TAA/CdSe films, despite the stark difference in IR spectra. FTIR is therefore a useful 




Figure 5.4. ATR-FTIR spectra of as-deposited TAA film at 1, 5 and 10 mm showing strong characteristic 
water IR bands. The feature at 3170 cm-1, contributed by tightly bound water clusters, decreases more 
significantly with increasing position. Water peaks are reduced after vacuum treatment, but are 
completely removed after annealing treatment for TAA film at 1 mm position. TU film at 39 mm does not 
have detectable water or -O-H peaks above the background glass substrate. 
In the case of TU/glass, water signatures are absent from the IR spectra of as-deposited and 
annealed films at their thickest position (39 mm). We also do not observe the -O-H stretch band 
above the glass background at ~3450 cm-1, contrary to a previous report in the literature.6 The 
absence of the IR feature is likely due to the small film thickness rather than the absence of Zn-O-H 
bonds. 
5.3.3. Crystal Structure 
Spatially dependent grazing-incidence X-ray diffraction (GIXRD) data were collected from 
TU/CdSe and TAA/CdSe films to determine whether crystal structure changes with position. CdSe 
was used as the substrate instead of CZTS to avoid possible overlap of ZnS peaks from CZTS with 
the Zn(S,O,OH) film. Figure 5.5 shows these diffractograms along with vertical bars representing the 
relative peak heights of reference powders of hexagonal ZnS (PDF# 00-036-1450) (black), cubic ZnS 
(PDF# 01-077-2100) (red), and hexagonal ZnO (PDF# 01-089-0510) (blue). For all measured 
positions, the primary peaks are centered at 29.1±0.1°, with a secondary feature at ~47.5° 
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appearing as a shoulder to the substrate peak. The GIXRD data indicate nanocrystalline hexagonal 
or cubic ZnS, with peaks shifting towards larger 2θ due to incorporation of ZnO into the crystal 
lattice, forming Zn(S,O). Bragg peaks from ZnO, ZnS, and Zn(OH)2 phases are not present at any 
position, indicating that those species are not significantly present in crystalline form. TU and TAA 
films were characterized at 15 mm and 37 mm for TU, and 3 mm and 15 mm for TAA. The sulfur 
fractions at these positions differ by less than 0.05 and the primary peaks do not shift significantly 
between the positions for either TU or TAA films. It was not possible to collect GIXRD over a wider 
composition range because of small film thickness. Annealing at 200 °C for 10 min does not impact 




Figure 5.5. Grazing-incidence X-ray diffractograms of various positions of TU and TAA films on 
CdSe/FTO/glass. The films’ primary peaks, located at 29.1° for all measured positions, correspond to 
cubic or hexagonal ZnS and are shifted towards larger angles due to ZnO incorporation into ZnS lattice. 
A secondary feature for the measured positions appear at ~47.5° as a shoulder to the CdSe peak. 
The broad peaks indicate small crystallite size, which potentially impacts the transport and 
recombination of charge carriers within the buffer layer. The Scherrer Equation was applied to 
determine crystallite sizes, assuming the peaks at 29.1° represent cubic Zn(S,O) phase in the films. 
Peaks were fitted with Lorentzian line shape using Fityk software.52 Instrumental broadening was 
obtained from (100) peak of ZnO nanowires and was subtracted from the FWHM of the fitted peaks 
using the Cauchy-Cauchy relationship.53 The calculated crystallite sizes are slightly larger at 
positions with higher sulfur fraction (3.0±0.3 nm for 3 mm TAA/CdSe and 37 mm TU/CdSe, and 
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2.7±0.3 nm for 15 mm of TAA and TU films). These crystallite sizes are small, and the films likely 
consist of small crystallites in amorphous matrix. 
5.3.4. Film Optical Properties 
Buffer layers with high transparency and band gap allow more photons to reach the 
absorber, potentially resulting in higher photocurrent. For spectral transmission measurements, TAA 
films were deposited on glass for 1.5 h, less than the standard 3 h to reduce the likelihood of 
cracking. The nodular morphology of TU/glass film results in highly scattering reflection and hence 
a 3 h deposition was instead done on a ~5 nm-thick CdS seed layer on glass to form a continuous 
film. Figure 5.6 shows transmission spectra of TAA and TU films, corrected for their substrates, at 
various positions. Both films show transmission above 85% throughout the visible region. A Tauc 
plot for direct band gap transitions, shown in the inset, indicates that the band gaps of the TU film at 
37 mm and TAA film at 3 mm are ~3.9 eV, and band gaps of TU and TAA films at 15 mm are ~3.8 
eV. The difference in band gap is likely the result of their sulfur fractions, in which higher sulfur 
fraction at 37 mm for TU film and 3 mm for TAA film leads to higher band gap. Since the crystallite 
sizes at these positions are similar, any size quantization effect on band gap is likely to be the same 




Figure 5.6. Optical transmission of TU film at 37 and 15 mm positions, and TAA film at 3 and 15 mm 
positions. Tauc plot (inset) shows the direct band gap nature of the films with band gaps of ~3.9 eV for 
TU 37 mm and TAA 3 mm, and ~3.8 eV for TU 15 mm and TAA 15 mm. 
5.3.5. Mechanism of Nucleation and Growth 
As a photovoltaic buffer layer, a thin, continuous film coating the p-type absorber is 
desired. Understanding the mechanism of nucleation and growth allows deposition recipes to be 
designed for optimal growth rate and film morphology. In this work, the morphology difference 
between glass and CZTS surfaces for the same deposition condition is obvious. On glass, the sparse 
nodular morphology indicates that heterogeneous nucleation or attachment of homogeneous nuclei 
is difficult, similar to previous observations.54,55 On CZTS and CdSe, the conformal morphology 
suggests facile nucleation or attachment of nuclei on the surfaces. Various factors such as surface 
energy and defect density, lattice parameter, or chemical similarity contribute to the difference in 
probability of heterogeneous nucleation or attachment.16,17  
Despite having poor film formation, the nodular morphology on glass provides a unique 
opportunity to study nucleation and growth of Zn(S,O,OH) and the relationship to bath 
composition, thanks to the high degree of nodule monodispersity and the continuous flow 
configuration of the microreactor. Monodispersity results from nucleation at a specific instant of 
time. In a microreactor run, this impulse may occur in two possible time domains. In the first case, 
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since the microreactor chamber is preloaded with precursor solutions, nucleation can happen as 
soon as heat and flow is applied. Nucleation therefore happens in the absolute-time domain. In the 
second case, as the microreactor goes into steady state of continuous flow, fresh reactants are 
brought into the chamber and heated to 70 °C almost instantly at the 0 mm position, leading to 
nucleation in the flow-time domain. To pinpoint the time domain responsible for nucleation, 
depositions at 1.5 h, 3 h and 6 h were done, and at least 200 nodules per position were analyzed 
for their diameter and area density. Independence of nodule density with deposition time would 
indicate the absolute-time domain case, whereas a direct correlation would indicate the flow-time 
domain case. 
Figure 5.7a shows a box plot of nodule density at each position for TU/glass. At 0 mm, no 
nodules can be observed within the resolution of SEM. At 8 mm position, doubling the deposition 
time from 1.5 h to 3 h and to 6 h results in the doubling of nodule density from ~1.2 to ~2 and to 
~4 nodules/µm2, respectively. At 32 and 40 mm positions, nodule densities remain constant at ~1 
nodule/µm2, regardless of deposition time. The baseline density at ~1 nodule/µm2 is likely due to 
nucleation at microreactor startup. More importantly, the nodule density at earlier positions is a 
function of deposition time, which means that nucleation relies upon the inflow of fresh reactants 
and is a function of the flow-time domain. Representative SEM images used for the analysis is 




Figure 5.7. (a) Density and (b) diameter of nodules at 8-40 mm positions for TU films on glass at 
deposition times of 1.5, 3 and 6 h. Nodule density doubles with doubling deposition time but size 
remained constant at 8 mm. At 32 and 40 mm, the opposite is observed; nodule density remained 
constant with deposition time, but sizes are increased. Nucleation is favored at earlier positions, while 
growth is favored downstream. Data sampled from at least 200 nodules per position. Line within box 
represents median value, box represents quartiles, and whiskers are 5th and 95th percentiles.  For clarity, 
boxes are offset horizontally for measurements made at the same position. 
Growth of the nucleated nodules is indicated by the nodule diameter and is shown in 
Figure 5.7b. At 8 mm, median nodule diameters are unchanged at ~0.25 µm, for the three 
deposition times, which implies that the conditions at earlier positions are not favorable for growth 
(but are highly favorable for nucleation). Median nodule diameter at 32 mm and 40 mm positions 
grew from 0.50 µm at 1.5 h to 0.58 µm at 3 h, and to 0.84 µm at 6 h. At downstream positions 
where nucleation is not favorable, growth is favored instead. 
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The nodule monodispersity remains high even though there are two different nucleation 
and growth regimes in a single CFµR run. At earlier positions, nuclei form homogeneously at the 
inlet and flow downstream by convection, with some nuclei crossing streamlines by Brownian 
motion and depositing on the substrate to form nodules. These nodules have the same size at a 
given position, for example ~0.25 µm at 8 mm, because they spent the same residence time in the 
bath before adhering to the substrate. Once adhered, they do not grow much further due to non-
favorable growth condition of the bath at the 8 mm position, and they remain monodispersed. 
Alternatively, farther downstream at 32~40 mm, nucleation occurred at the startup of the 
run when the bath composition was similar to that of the fresh reactants. Nucleation never 
happened after this initial absolute time at these positions because the bath conditions under steady 
state did not favor nucleation. Therefore, the nodules at farther positions grew at the same rate and 
remained highly monodispersed.  
For the transition regime at 16~24 mm, bath conditions allow growth of the nuclei in the 
bath as well as those adhered to the substrate. Some nuclei deposited during the initial absolute 
startup time, while others deposited when homogeneous nuclei formed at the inlet and moved to 
the substrate by Brownian motion during flow. As a result, the nodules increase in both size and 
density. The underlying chemistry leading to these mechanisms are discussed next.  
Heterogeneous nucleation cannot be completely ruled out since the nuclei that are within 
the no-growth regime (0~8 mm) would not be able to grow to an observable size, whereas those 
within the growth regime would have grown together with the ones adhered from the solution since 
startup and cannot be distinguished. However, it is clearly not the dominant mechanism for TU 
films on glass as compared to homogeneous nucleation. 
5.3.6. Relating Chemistry to Nucleation and Growth Regimes 
The main driving force behind nucleation and growth in the alkaline regime of CBD of 
Zn(S,O,OH) is the saturation index (SI) (see Chapter 2.2) Traditionally, a solubility diagram of total 
cation concentration versus pH is often used to depict the extent of supersaturation.24,56,57 However, 
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such diagrams have two problems. Firstly, they provide a snapshot of only the starting condition and 
are myopic on bath evolution. Secondly, for simplicity in making the diagram, total decomposition 
of the sulfur precursor is often assumed, which leads to an overestimation of the supersaturation of 
the sulfide compound, particularly with TU which decomposes slowly. 
We model the bath speciation using PHREEQC software by using experimentally measured 
sulfide concentration and pH as a function of residence time in CFµR. Having actual bath sulfide 
concentration allows a more precise quantification of the SI required to deposit Zn(S,O,OH) thin 
films. A sulfide ion-selective electrode was used to quantify the combined HS- and S2- concentration 
in the microreactor at various positions. Also, since the free zinc ion concentration makes up only a 
small fraction of the total due to complexation with ammonia, we can safely assume that the total 
zinc concentration is constant with position (as observed in our previous work on CdZnS).42 Total 
ammonia concentration is also constant, since there is no evaporation from the sealed microreactor. 
pH values in an enclosed batch bath at 70 °C were recorded versus time, and the time scale was 
converted into equivalent microreactor positions. These experimental data together with 
thermodynamic parameters, stability constants, and their temperature dependence, were used to 
model the SI for ZnS, ZnO and Zn(OH)2 at various positions. Additional details regarding 
determination of combined HS- and S2- concentration and methods and parameters used in 
speciation modeling are provided in 0. The evolution of CBD driving forces for the deposition of 
Zn(S,O,OH) thin film can now be quantified and analyzed. 
For the TU system, the total bath sulfide concentration and pH are shown in Figure 5.8a. 
Total sulfide increases with position until 20 mm and then remains constant through 40 mm. TU 
decomposes slowly, and the resulting sulfide concentration is not sufficient for growth at earlier 
positions. Once the total sulfide builds up, a steady rate of generation and consumption is reached 
and maintained for the latter half of the deposition chamber. The concentration of TU is assumed to 
be constant because the measured total sulfide concentration is orders of magnitude lower than the 
starting TU concentration. Therefore, Zn2+-TU and H+-TU complexes are included in the speciation 
model. As a result of the trend in total sulfide concentration, SI(ZnS) is lowest at earlier positions in 
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the TU system (Figure 5.8b). This trend in SI(ZnS) contradicts the trend in nodule density. Because 
nucleation is more likely to happen than growth at higher degree of supersaturation, ZnS is not a 
likely candidate species for nucleation. Instead, the correlation of the SI profile with the thickness 
profile of the film on CZTS suggests that ZnS is instead a likely candidate species for film growth. 
 
Figure 5.8. (a) Combined HS- and S2- concentration in aliquots extracted from various positions in the 
TU system as measured by the sulfide ion selective electrode. pH in batch bath at 70 °C versus 
position-equivalent time scale. (b) Evolution of saturation indices of ZnS, ZnO and Zn(OH)2 with 
microreactor position as modeled from speciation using experimental data in (a) and thermodynamic 
parameters.  
Zn(OH)2 and ZnO are more likely candidates than ZnS for nucleation. pH at equivalent 
microreactor positions started at 10.83 and dropped drastically to ~10.4 in the first 10 mm, then 
remained almost constant through 40 mm as shown in Figure 5.8a. The reduction of pH is due to 
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consumption of OH- in the decomposition of TU as well as in the formation of Zn(OH)2 and ZnO 
solids. Figure 5.8b shows the SI of Zn(OH)2 and ZnO calculated from these data. SI(ZnO) starts at ~1 
and drops to ~0 by 10 mm, while SI(Zn(OH)2) starts at 0.34 and drops below 0 within the first 1 
mm. The fact that in-flow nucleation occurs exclusively in the earlier positions (<8 mm) can be 
explained by the supersaturation of Zn(OH)2 (and possibly ZnO) within the first 1 mm. Zn(OH)2 
nucleates homogeneously within the solution.  
Surprisingly, it appears that Zn(OH)2 (and possibly ZnO) can nucleate at lower SI values, 
whereas ZnS which has ~3 orders of magnitude higher supersaturation at all positions, did not 
significantly contribute to nucleation. We note that these SI(ZnS) values represent an upper limit, 
since the quenching buffer solution may also dissolves small precipitates in the aliquot that did not 
sediment within the microreactor chamber and may have contributed some S2- ions to the aliquot. 
Precipitates with diameters less than ~30 µm would remain in the flowing stream without 
sedimenting out, and growth rates of nodules indicate that precipitates of ~10 nm diameter are 
expected. The lower limit is >0 since growth occurs. Previously, Williams et al. estimated the 
SI(ZnS) needed for nucleation at ~4.3 through acidic precipitation,58 supporting the magnitudes 
observed in our system. McAleese and O’Brien also noted that a surface activated pathway is more 
important to nucleation of ZnS than ZnO,55 which further supports our finding that the SI(ZnS) can 
be much higher than SI(Zn(OH)2) and SI(ZnO) without inducing nucleation. The effect of surface 
activation is also observed in TU/CZTS and TU/CdSe where largely continuous Zn(S,O,OH) films 
can be formed at 0~8 mm positions on CZTS and CdSe surfaces, but not on glass. Depletion of TU 
and S2- ions along streamlines closer to the substrate could also contribute to the absence of 
nucleation by ZnS. However, a study in batch configuration showed that neither the induction 
period nor the growth rate depended upon stir rate,24 and thus we believe that nucleation and 
growth of the films are not limited by diffusion effects. Therefore, Zn(OH)2 (and possibly ZnO) is the 
source of nucleation, while the only role of ZnS is to provide growth for the nodules in TU/glass 
system. Moreover, the fractions also imply that the TU/glass nodules have a hydroxide-rich core 
with sulfide-rich shell in agreement with the conclusion from an extended X-ray absorption fine 
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structure study on a similarly-deposited film.59 The sulfur fraction and hydroxide fraction for the 
continuous TU/CdSe film, Figure 5.3, appeared to be directly correlated to these SI profiles. These 
findings suggest that if high pH is maintained by a hydroxide source, supersaturation of Zn(OH)2 
remains high and leads to continual nucleation. Since TU decomposition rate increases with [OH-], 
incorporation of ZnS into the film will also be rapid. Recently, H2O2 was used as an additional 
hydroxide source to accelerate the deposition of Zn(S,O,OH) thin film in a standard Zn salt-TU-NH3 
system. OH- increased the decomposition rate of TU, resulting in both faster growth rates and higher 
sulfur fraction.60,61 
In the TAA system, the statistical analysis of nodule size as in Figure 5.7 was not possible 
since deposition times needed for countable and measureable nodule sizes and spacing were 
shorter than that needed to achieve steady state (2~3 residence times). However, the thickness 
profile and the composition fractions can be explained by applying the total sulfide concentration, 
pH measurement, and speciation modeling to the TAA system. The total sulfide concentration 
profile shows high concentration at the beginning, which is expected since TAA decomposes 
quickly in an alkaline bath, and then decreases with distance as the sulfide ions are consumed in 
the deposition (Figure 5.9a). Since TAA decomposes quickly according to:13 𝐶𝐻!𝐶 𝑆 𝑁𝐻!(𝑇𝐴𝐴)   +2𝑂𝐻! → 𝐶𝐻!𝐶𝑂𝑂! + 𝑁𝐻! + 𝐻𝑆! 
we model the TAA bath as containing zinc salt, ammonia, the by-products of TAA decomposition 
(less the HS-) and the experimentally measured total sulfide concentration, with no TAA in the bath. 
As shown in Figure 5.9a, the pH profile in TAA system ranges from 10.82 at 0 mm to 10.31 at 40 
mm, and is very similar to that of TU system. The resulting SI profiles (Figure 5.9b) suggest fast 
nucleation and growth occurring in the early positions due to high SI(Zn(OH)2) and SI(ZnS), but no 
nucleation (beyond that at startup) and slow growth at downstream positions. This mechanism 
correlates with the experimentally observed films on glass and on CZTS, Figure 5.2. The rapid 
nanoparticle formation and deposition at earlier positions leads to trapping of water inside the film, 
as observed in the IR spectra, Figure 5.4. The sulfur fraction determined by XPS, Figure 5.3, 
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correlates with the SI(ZnS) profile, while the hydroxide fraction also correlates well with 
SI(Zn(OH)2). Our understanding from the TU system, that Zn(OH)2 (and possibly ZnO) is the source 
of nucleation, while ZnS is the species for growth, is able to explain the film’s morphology and 
stoichiometry in the TAA system as well. 
 
Figure 5.9. (a) Combined HS- and S2- concentration in aliquots extracted from various positions in the 
TAA system as measured by the sulfide ion selective electrode. pH in batch bath at 70 °C versus 
position-equivalent time scale. (b) Evolution of saturation indices of ZnS, ZnO and Zn(OH)2 with 
microreactor position as modeled from speciation using experimental data in (a) and thermodynamic 
parameters. 
5.4. Summary & Conclusions 
Zn(S,O,OH) thin films were deposited with graded properties from thiourea and 
thioacetamide precursors onto glass, CdSe-coated and Cu2(Zn,Sn)(S,Se)4-coated (CZTS) substrates 
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using a continuous flow microreactor. The continuous flow microreactor enables the bath 
composition profile to be time-invariant and facilitates rapid characterization of graded film 
properties. On CdSe and CZTS, films are conformal and continuous, and film stoichiometry 
determined by XPS show low to high sulfur gradation from 0 mm to 40 mm positions in TU system, 
and high to low gradation for TAA system in the same spatial range. On glass, films exhibit highly 
monodispersed nodular morphology. Statistical analysis of the nodules revealed divided regimes of 
nucleation and growth. Total sulfide concentration and pH measurement data were used in a novel 
approach to model bath speciation, which provides a view into the evolution of chemical driving 
forces for the formation of Zn(OH)2, ZnO and ZnS species in terms of their saturation indices. 
Nucleation is solely governed by the supersaturation of Zn(OH)2 and possibly ZnO, whereas the 
role of ZnS species is exclusively for growth under these conditions. 
Strong correlation between saturation indices, composition fractions, and nodule statistics 
for each precursor system reaffirms the importance of bath characterization in understanding the 
origin of film morphology and stoichiometry. Multi-dimensional time domains of the continuous-
flow configuration offer a unique opportunity to study bath deposition chemistry and provide 
conclusive evidence for the driving forces for nucleation and growth of the ammoniac Zn(S,O,OH) 
film deposition. These findings provide guidance for engineering of deposition conditions of 
photovoltaic buffer layers with optimal growth rate, morphology, and desired film stoichiometry in 
which gradation through thickness is precisely controlled.  The continuous flow microreactor also 
enables rapid identification of optimal compositions for photovoltaic devices by providing a wide 
range of stoichiometries on a single substrate.  
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Chapter 6. Low-Oxygen Zn(S,O,OH) Thin Films by Deposition in Near-
Neutral pH with Hexamethylenetetramine Additive 
6.1. Introduction 
ZnS is a wide band gap semiconductor whose many applications, such as photovoltaic 
buffer layers, require uniform and continuous films down to several nanometers thick. Deposition of 
thin yet continuous ZnS films from solution has proven to be a great challenge because 
homogeneous nucleation typically dominates compared to heterogeneous nucleation.13 The nuclei 
formed in solution then aggregate to form clusters and deposit on the substrate.23 However, by 
carefully controlling the starting bath parameters and, more importantly yet often neglected, their 
time evolution, rapid and continual nucleation can occur and enable fast deposition of continuous 
films. Additionally, since ZnS has high electrical resistivity and is chemically similar to other 
sulfides, a thin and continuous layer of nanocrystalline ZnS is an ideal candidate as a nucleation 
layer on glass or FTO to overcome this challenge for other sulfide films such as Sb2S3.
62,63  
CBD-grown ZnS films often include oxygen in form of oxide and hydroxide and are more 
appropriately called Zn(S,O,OH). While oxide can be used for tuning the band alignment with the 
absorber layer,8 hydroxide is regarded as an instability. Lower overall oxygen content in the film is 
one way to reduce the oxygen impurities. However, pure ZnS has conduction band offset as high as 
1.1 eV above that of the absorber as well as high resistivity,64 adding series resistance to the device 
when used at the traditional buffer layer thicknesses.9 To reduce series resistance, extremely thin 
ZnS films could be used as a buffer layer (Figure 6.1). At extremely thin thicknesses, electrons may 
tunnel through the large conduction band offset as a transport mechanism. Since extremely thin 
buffer layers may not effectively protect the absorber surface against sputtering damage, the 
sputtering power of the window layer processing should also be reduced accordingly.65 




Figure 6.1. (Left) Band diagram of a traditional thin film solar cell with, from its left, doped-ZnO, intrinsic-
ZnO, CdS buffer layer, and CIGS absorber layer. (Right) Band diagram of a planned cell with doped-
ZnO, ZnS buffer layer, and CIGS or CZTS absorber layer. 
To reduce inclusion of oxygen, ZnS thin films were deposited in a near-neutral pH regime. 
In alkaline Zn(S,O,OH) deposition like those discussed in Chapter 5, oxygen inclusion can yield 
S/(S+O) atomic ratio as low as 0.42 (see Chapter 5). Deposition at lower pH should yield less 
oxygen since the ZnO and Zn(OH)2 phases are undersaturated versus their solubility products, but 
deposition rates are slow. Here, deposition was performed under near neutral pH conditions 
because they provides sufficiently fast reaction rates with the thioacetamide (TAA) sulfur source and 
potentially reduced oxygen inclusion. 
In the near neutral pH regime, direct reaction of Zn and TAA dominates the precipitation 
rate, as opposed to the free ion reaction in the alkaline or acidic regimes, and the rate increases with 
pH (see Chapter 2.2). TAA consumes OH- (or equivalently, generates H+) as it undergoes hydrolysis, 
reducing the pH and deposition rate with time. To maintain high pH and reaction rate, 
hexamethylenetetramine (HMTA) was added to the bath. HMTA is widely used in CBD of ZnO as a 
pH controller in the near-neutral region through slow release of ammonia. We have previously 
shown that HMTA does not complex with Zn and addition of HMTA should not reduce the free Zn2+ 
ion concentration.66 Instead, the addition of HMTA should significantly increase the deposition rate 
by maintaining moderate pH to provide rapid and continual nucleation followed by accelerated 
growth. 
We deposited Zn(S,O,OH) thin films by CBD with HMTA as an additive (HMTA films) and 
compared it to Standard films without the bath additive. Well-adherent, uniform and continuous 
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HMTA films were successfully deposited on glass and FTO at ~90 nm thick in 1 h, which is ~3 
times faster than Standard films. As a potential buffer layer, HMTA film achieved total coverage in 
10 min deposition, with thickness of ~10 nm, on Cu2(Zn,Sn)Se4 (CZTSe) substrates. The films 
showed high optical clarity, low oxygen content and low strain. High electrical resistivity and 
excellent adhesion make the film suitable as a nucleation layer for other metal sulfides, which we 
demonstrated with the deposition of a thin, continuous Sb2S3 film. The addition of HMTA provides a 
pathway for potential improvements to CBD of thin films through tailoring the evolution of the 
chemical bath. 
6.2. Experimental Details 
6.2.1. Film Deposition 
Soda-lime glass (Hartford Glass) and SnO2:F on glass (FTO) (TEC15, Pilkington) substrates 
cut to 25 mm × 60 mm were cleaned by sequential sonication at 60 °C for 15 min in 20% Contrad 
70 (Decon Labs), acetone-ethanol solution, and 1 M HCl, followed by multiple rinses in deionized 
(DI) water (18.2 MΩ·cm, Barnstead) and drying under nitrogen stream. CZTSe substrates were used 
as received from DuPont.48 
For deposition of Standard film, stock solutions of 0.40 M ZnSO4 and 0.40 M nitrilotriacetic 
acid trisodium salt (NTA) were used. NTA was chosen as the ligand over ethylenediaminetetraacetic 
acid (EDTA) because we have observed the former to maintain high deposition rates for longer 
times. All chemicals were of ACS Reagent grade and obtained from Sigma-Aldrich without further 
purification. Three containers were used in preparing the precursor solutions: a glass beaker filled 
with 15 mL of ZnSO4 solution and 45 mL of DI water, a bottle filled with 15 mL of NTA solution 
and 30 mL of DI water, and another bottle of 45 mL of 0.40 M of aqueous thioacetamide (TAA) 
solution. The precursor solutions were separately heated in a stirred water bath at 90 °C for 8 min. 
To improve adhesion, substrates were pre-heated in the ZnSO4 solution. NTA and TAA solutions 
were then added to the beaker in that order under vigorous stirring, resulting in 150 mL of reacting 
solution with 0.040 M of ZnSO4, 0.040 M NTA and 0.120 M TAA. The recipe is an adaptation from 
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the works of Goudarzi et al.20 and Shin et al. but with NTA replacing EDTA.21 Reaction took place at 
90 °C for up to 3 h in the beaker covered with aluminum foil. Finally, substrates were rinsed with DI 
water at room temperature and dried under a stream of nitrogen gas. 
For deposition of HMTA film, three containers were also used in preparation of the 
precursor solutions: a beaker containing 15 mL of ZnSO4 solution, 15 mL of NTA solution, 0.450 
mL of concentrated H2SO4 (Fisher Scientific) and 30 mL of DI water; a bottle of 45 mL of 0.40 M of 
TAA; and a bottle of 45 mL of 1.0 M (HMTA). The acid was used to adjust the starting pH to ~5.2 (at 
90 °C). Too high pH results in abrupt nucleation and poor film growth, while too low pH leads to 
slow deposition. The HMTA concentration is selected for fastest film growth, although smaller 
amounts may be used. Both TAA and HMTA solutions were freshly made from powder before each 
use. The precursor solutions were pre-heated similar to the Standard bath. TAA and HMTA were 
added to the beaker at the same time under vigorous stirring, resulting in a reacting solution of 
similar composition as the Standard bath but with 0.30 M HMTA. The reaction took place at 90 °C 
for up to 1 h. Substrates need not be pre-heated for excellent adhesion. In addition to the DI water 
rinse, an acetone rinse was necessary to remove organic residues from the film surface. 
6.2.2. Film Characterization 
Zn(S,O,OH) thin films were imaged using scanning electron microscopy (SEM, Zeiss Supra 
50VP) at 15 kV and working distance of ~4 mm with in-lens detector. Film thickness measurements 
were obtained from cross-sectional micrographs of the films. 
Optical transmission measurements were done on a Thermo GENESYS 10S UV-Vis 
spectrophotometer in scanning mode with monochromator step size of 0.5 nm and beam spot size 
of 2 mm × 7 mm. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Physical 
Electronics VersaProbe 5000 with a monochromatic Al Kα X-ray source operated at 15 kV and 25 
W. The X-ray spot size was 100 µm. Survey and detailed spectra were collected with pass energy of 
117.4 eV and 23.5 eV, respectively. Surface contaminants were removed from the films by argon 
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sputtering at 1 kV within an area 2 mm × 2 mm for 30 seconds under UHV conditions; and depth 
profiling was achieved with the same gun settings at 1 min intervals. Data analysis and peak fitting 
were performed using CasaXPS software with the relative sensitivity factors as recommended by the 
equipment manufacturer. Linear backgrounds were used since the films have insulating 
characteristics. Spectral shifts were corrected using the C-C/C-H 1s peak at 284.5 eV and confirmed 
with the Zn 2p peak at 1021.8 ± 0.1 eV. 
Grazing-incidence X-ray diffraction (GIXRD) was done on Zn(S,O,OH) films on glass at 
incidence angle of 0.3° and spot size of 15 mm by using a Rigaku SmartLab diffractometer equipped 
with Cu Kα X-ray source operated at 40 kV and 44 mA and parallel beam, in-plane optics. A scan 
rate of 0.0280°/min and step size of 0.05° were used. 
Electrical resistivity measurements were made using a metal-insulating film-metal structure 
in a dark Faraday’s cage at room temperature using a Keithley 2634B. Films were deposited on 
conductive FTO (15 Ω/sq.) and an apertured area of 0.318 cm2 was covered with conductive silver 
paint (SPI Supplies, <100 mΩ/sq.) or thermally evaporated silver of ~100 nm thickness. Contacts 
were checked for Ohmic behavior by sweeping voltages between -100 and 100 mV. At least five 
devices were tested per film type. 
For adhesion measurement, films were deposited on the 2.2 mm-thick glass substrates. An 
identical glass piece was bonded to the film side via a layer of 5-min epoxy (Loctite). A Kapton tape-
Teflon shim stack was inserted on one end before the epoxy application to create a pre-crack 
allowance. Epoxy was chosen as it adheres to the cover glass and the film extremely well and will 
not fracture before the film-substrate interface. The epoxy layer was orders of magnitude thinner 
than the glass beams, and thus the Young’s moduli of the beams can be assumed to be that of the 
glass beams alone (and hence symmetrical). Film adhesion was tested by applying a perpendicular 
displacement to the interface at one end using a razor blade and measuring the crack length 
propagated parallel to the beams. 
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6.2.3. Bath Characterization 
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 
measurements were performed using a Thermo Electron Nicolet 6700 Series FTIR spectrometer. For 
bath composition study, aliquots were extracted from the baths at 5 min intervals, filtered with 0.45 
µm syringe filter, quenched to room temperature in an ice bath, and drop-casted onto the diamond 
ATR (Specac Inc.) with spot size of 2 mm × 2 mm. All spectra were collected using a liquid 
nitrogen-cooled mercury-cadmium-telluride (MCT) detector with 32 scans per spectrum at a 
resolution of 4 cm−1. A background spectrum of the bare ATR crystal was collected and subtracted 
from all measurement spectra. The spectra were further corrected by subtracting an appropriate 
weighting of the water spectrum. 
The bath pH was measured with a pH probe (Thermo Orion 8102BNUWP), preheated and 
calibrated at 90 °C with NIST pH 4, 7, and 10 standards connected to a meter (Thermo Orion 4-Star 
pH/ISE). For bath sulfide concentration, preparation and measurement were performed similarly to 
the methods previously reported.42,67 Aliquots were extracted at 5 min intervals, filtered with 0.45 
µm syringe filter, collected in individual containers pre-loaded with chilled sulfide anti-oxidant 
buffer (SAOB) solution, and stabilized in a room-temperature water bath. A silver/sulfide ion 
selective electrode (ISE, OAKTON WD-35802-40) connected to a standard mV meter was used for 
the measurement. Details of the preparation of SAOB and calibration of sulfide concentration to 
voltage reading are provided in Appendix C.5. 
6.3. Results and Discussion 
The decomposition of HMTA releases formaldehyde and ammonia and leads to an increase 
in bath pH according to the reactions: 𝐶!𝐻!"𝑁!(𝐻𝑀𝑇𝐴)+  6𝐻!𝑂 ⇌ 6𝐶𝐻!𝑂 + 4𝑁𝐻! 
and 𝑁𝐻! + 𝐻!𝑂 ⇌ 𝑁𝐻!! + 𝑂𝐻! 
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The formaldehyde is believed to be inactive to the deposition of Zn(S,O,OH). However, it 
may be involved in reactions that form a small amount of insoluble organic residues that segregate 
at the bath-air interface after long reaction times. Upon sample removal from the bath, the organic 
residues loosely attached onto the surface of the film, requiring an acetone rinse. 
In the Standard bath, the pH started at 5.5 as shown in Figure 6.2 and decreased to 3.5 after 
3 h due to consumption of OH- in the decomposition of TAA. Addition of HMTA to the bath 
requires addition of an acid to keep the starting pH moderate and nucleation at a suitable pace. The 
pH of the HMTA bath started at ~5.2, about the same as the Standard bath, but increased rapidly to 
5.8 in 15 min, then steadily to 6.1 after 1 hour and even higher at longer times. The higher pH and 
other effects of HMTA on the deposition of Zn(S,O,OH) thin films is discussed next.  
 
Figure 6.2. pH profile in the Standard and HMTA bath as a function of time. In the Standard bath, 
thioacetamide decomposition consumes hydroxide ions, and pH decreases with time. In the HMTA 
bath, the thermal decomposition of HMTA leads to an increase in hydroxide ions in the bath. pH 
increases even further after 60 min as denoted by the dotted line. 
6.3.1. Film Properties 
For many applications, thin films should be compact, uniform, continuous, and excellently 
adherent to the substrate. Figure 6.3 shows tilt view SEM micrographs of (a) 1-hour and (b) 3-hour 
Standard films on glass. The 1-hour film has non-continuous nodules of uniform ~20 nm size on the 
glass substrate, whereas the 3-hour film fully covers the substrate with thickness of ~70 nm as 
measured by cross-sectional SEM. The nodules are reasonably monodisperse, which suggests an 
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impulse-like nucleation phase during the high-pH period, followed by a separate growth phase. It is 
unclear whether nodule nucleation originated heterogeneously or in the solution. With the presence 
of HMTA, film formation started at earlier times of ~15 min (Figure 6.3c). Unlike the Standard film 
at the early stage, the HMTA film has nodules with wide size distribution of 20~60 nm, which 
suggests continual nucleation followed by aggregation or growth. The film is continuous and 
uniform after 1 hour of deposition with thickness of ~90 nm (Figure 6.3d), approximately 3× faster 
than the time required for continuous Standard film. On CZTSe, HMTA film started coverage at just 
2 min, and only required 10 min to achieve a continuous 10 – 20 nm thick film (Figure 6.3e,f, See 
Figure C.1 for XPS surface coverage data). The Standard films tended to flake off if they were not 
pre-heated in ZnSO4 solution. The HMTA films did not require such treatment, and adhered to the 
glass substrates well. The 3-hour Standard and 1-hour HMTA films on glass were used for further 
characterization. 
 
Figure 6.3. Tilt view of the scanning electron micrographs of the Standard film at (a) 1 h and (b) 3 h of 
deposition on glass. At the shorter time, film consists of uniform nodules, suggesting impulse 
nucleation, and is not continuous. At 3 h, the film is continuous and is ~70 nm thick. For the HMTA film 
on glass (c) at 15 min, coverage is incomplete, and the wide nodule size distribution suggests continual 
nucleation. (d) After 1 h the HMTA film is uniform and continuous with thickness ~90 nm. On CZTSe, the 




In addition to morphology, stoichiometry critically influences the functional properties of 
the ZnS films. Oxygen has been widely observed in chemical bath deposited ZnS thin films, and is 
typically found as oxide or hydroxide. The inclusion of oxide can reduce the band gap of the film to 
as low as 2.6 eV,8 while the presence of hydroxide is often regarded as an instability. Therefore, less 
oxygen is preferred in order to maintain high band gap and transparency. The presence of oxygen in 
the films is confirmed by XPS analysis, as shown in the depth profile of the Standard and HMTA 
films in Figure 6.4(a) and (b), respectively. Conductive FTO was used as the substrate instead of 
glass to minimize charge buildup on the sample during measurements. The sulfur-oxygen 
composition is reported as S/(S+O) atomic ratio. Less oxygen is found in the HMTA film with bulk 
S/(S+O) of 0.88 ± 0.01 as compared to the Standard film at 0.80 ± 0.01. 
 
Figure 6.4. Depth profile of the atomic composition of (a) Standard and (b) HMTA films on FTO substrate 
as determined by X-ray photoelectron spectroscopy. HMTA film contains ~2% nitrogen and 
significantly higher amount of carbon, but also higher sulfur fraction. 
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Detailed XPS spectra contain rich information about the states and the environment of each 
constituent element to provide insight into likely contaminants in the films. Besides oxide and 
hydroxide, the detailed O 1s spectra reveal an additional peak at 533.5 eV for both films (Figure 
6.5a), which contributes <1% of the total film content, and decreases with depth of sputter. This 
peak is assigned the carbonyl O peak,68 which is likely from NTA. NTA binds strongly to Zn2+ and 
may have also been incorporated into the films. Other evidence of the inclusion of NTA includes 
the presence of carbon in the bulk film, at ratios of 5% of the Standard film and 10% in the HMTA 
film. Detailed C 1s spectra (Figure 6.5b) show C-C/C-H, C-N/C-S and COOH peaks in both films, 
further supporting the presence of NTA. In addition, the ratio of C-N/C-S peak to the C-C/C-H peak 
is significantly higher in the HMTA film than the Standard film, suggesting that NTA is not the only 
impurity in the HMTA film. Nitrogen of ~2% is also detected in the case of HMTA, but not present 
at a detectable level in the Standard case. These observations suggest the inclusion of NCS- or TAA 
into the HMTA film. HMTA itself is unlikely to be incorporated into the film as it does not bind to 
Zn.69 Each S 2p spectrum is best fitted with a doublet with 1:2 intensity ratio and equal full width at 
half maximum (FWHM), at 161.5 eV (Figure 6.5c), indicating that the only oxidation state of sulfur 
is -2, belonging largely to the ZnS. The FWHM tightens with sputter depth, an expected result of 




Figure 6.5. (a) Detailed XPS spectra of the O 1s region from the film surfaces with additional carbonyl O 
peak at 533.5 eV in addition to the expected oxide and hydroxide peaks. (b) Spectra of the C 1s region 
showing higher C-N/C-S contribution to the overall carbon content of the HMTA film than the Standard 
film. (c) The S 2p spectra of the HMTA film are best fitted with a doublet of peaks. The full width at half 
maximum (FWHM) narrows with depth, suggesting fewer impurities.  
Composition and morphology affect the transparency of the films, which is important for 
photovoltaic and optoelectronic applications. High transparency films allow more photons to pass 
through and interact with underlying layers. Figure 6.6 shows UV-visible transmission spectra of the 
Standard and the HMTA films, with the reference glass substrate subtracted. The HMTA film has 
higher transmission than the Standard film at all wavelengths, as high as 98% versus 85% at 360 
nm. The linear relationship between (αhν)2 and the photon energy in the Tauc plot inset in Figure 
6.6 shows that both films have direct band gaps. The HMTA film has a higher band gap of 3.75 eV 
as compared to 3.61 eV for the Standard film, partly contributing to its higher transparency in the 
  
60 
blue wavelength region. One of the possible reasons for the higher band gap is the higher sulfur 
fraction in the HMTA film than the Standard film. However, the band gap of 3.75 eV is higher than 
literature values of crystalline ZnS at 3.6 eV,5 suggesting that crystallite size quantization may have a 
more pronounced effect on band gap than the film composition. 
 
Figure 6.6. UV-vis transmission spectra showing greater transmission by the HMTA film than the 
Standard film. Inset, a Tauc plot shows direct band gaps of 3.61 eV for the Standard film and 3.75 eV for 
the HMTA film. 
Knowing the crystallite sizes and phases may help elucidate the difference in band gap of 
the films. Grazing incidence XRD is a suitable technique for probing crystallinity of thin films as it 
probes only the top layer of the sample, minimizing interference from the substrate. GIXRD 
diffractograms of the Standard and HMTA films on glass are shown in Figure 6.7a. The Standard 
film, in general, has peaks with tighter FWHM than the HMTA film. Its peak centered at 2θ~28.8° 
has obvious asymmetry which indicates presence of multiple components, and thus all peaks were 
fitted with pseudo-Voigt line shape components. The relative heights of the component peaks 
largely resemble those in the powder diffraction file database PDF# 00-036-1450 for hexagonal ZnS 
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and PDF# 01-077-2100 for cubic ZnS which are depicted as vertical bars in Figure 6.7a, suggesting 
that there is no texturing or preferred orientation of the crystallites. The cubic phase peaks are 
sharper and are more intense than the hexagonal peaks, indicating larger quantity and size of the 
former phase. The peak positions can tell us about the lattice spacings. Both the cubic and the 
hexagonal phases have 0.5°(2θ) shift towards larger 2θ, indicating that the average lattice spacing is 
smaller than pure ZnS phases, possibly due to the substitution of oxygen for sulfur.  
Bragg peaks from ZnO and Zn(OH)2 phases are not present at any position for either film, 
indicating that those species are not significantly present in crystalline form. The smaller diffraction 
intensities of the HMTA film versus the Standard film are possible indications of the former’s higher 
amorphous content, given that they have similar film thicknesses. Annealing the HMTA film at 200 
°C for up to 1 hour in air did not change the diffractogram, indicating no improvements to its 




Figure 6.7. (a) Grazing incidence X-ray diffractograms of Standard film and HMTA films on glass. 
Vertical bars show relative intensities for hexagonal ZnS (PDF# 00-036-1450) and cubic ZnS (PDF# 01-
077-2100). Peaks were fitted with pseudo-Voigt line shapes and their full widths at half maximum 
(βobserved) were extracted (b) Williamson-Hall plot shows that the hexagonal component of the Standard 
film has greater strain (slope) than its cubic counterpart and the HMTA film.  
Peak widths can reveal information about crystallite size and strain. FWHM of peaks were 
extracted from peaks with reliable signal to noise ratio and were plotted as Williamson-Hall (W-H) 
plot for Lorentzian peak shape as shown in Figure 6.7b.70 Modeling the W-H plot with a single peak 
shape provides insight into the properties of the materials with sufficient precision for our purposes. 
The W-H equation assumes linear combination of the effects of size and strain on peak broadening, 
β. Substituting Scherrer’s size broadening equation, and Stoke and Wilson’s strain broadening 
equation, as functions of θ, and rearranging yields the expression: 
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𝛽!"#$%&$' − 𝛽!"#$%&'("$)* 𝑐𝑜𝑠𝜃 = 𝑘𝜆𝐿 + 4𝜀𝑠𝑖𝑛𝜃    
where k = 0.94, λ = incident X-ray wavelength, L = average crystallite size, and ε = average strain. 
By plotting (βobesrved - βinstrumental)cosθ versus sinθ, the ordinate intercept and the slope are used for 
determining crystallite size and strain, respectively. The crystallite sizes are 20 ± 6 nm and 30 ± 12 
nm for cubic and hexagonal phases of the Standard film, respectively. The cubic phase has strain ε 
= 0.083 ± 0.007% while the hexagonal phase is roughly an order of magnitude higher with ε = 0.62 
± 0.05%. The two phases likely form together at the early stage, possibly as a mixed stacking similar 
to the observation in a precipitation study by Zhang et al.71 A diffractogram of our Standard film 
deposited with three sequential 1-hour depositions showed higher hexagonal-cubic phase ratio as 
compared to the 3 h Standard film (see Figure C.2 in Appendix C). Thus growth of the cubic phase is 
likely favored over the hexagonal phase as the Standard bath gets more acidic with time (see Figure 
6.2), hence the greater diffraction intensities of the cubic peaks despite having somewhat similar 
crystallite sizes. This effect may have caused the extra strain on the hexagonal phase. 
The component peaks of the HMTA film are less sharp than the Standard film. Peak 
positions are shifted 0.4°(2θ) for cubic and 0.3°(2θ) for hexagonal phases towards larger 2θ, which 
are less than the shifts in the Standard film. The smaller shifts indicate less degree of oxygen 
substitution with sulfur in the lattice, in agreement with the higher sulfur fraction observed by XPS. 
As with the Standard film, there is no preferred crystallite orientation, with relative peak intensities 
similar to the powder references. W-H plot yields strain-free film within the limits of the method, 
with 0.0 ± 0.2% for cubic phase and 0.06 ± 0.07% for the hexagonal phase. Crystallite sizes for the 
cubic and hexagonal phases are each 4.4 ± 0.5 nm. Deposition of ZnS at near neutral pH is rather 
well accepted to occur through the cluster-by-cluster mechanism followed by aggregation of small 
clusters (~4 nm) to form larger grains (20~100 nm),23 which agrees with our SEM observation at 
early time (Figure 6.3c). Unlike the Standard film, these crystallite sizes are small and are likely to 
have contributed to the wider band gap of the HMTA film by the size quantization effect, more so 
than the effect of atomic composition. 
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One of the effects of ZnS having a wide band gap is the high electrical resistivity.72 
Resistivity measurements were performed using a two-contact sandwich method, suitable for 
insulating materials.73 The HMTA film showed resistivity of 108 ~ 109 Ω⋅cm with conductive silver 
paint contacts and (2.2 ± 0.7) × 106 Ω⋅cm with thermally evaporated silver contacts. Annealing the 
film did not appreciably alter the resistivity values. The Standard film showed similar order of 
magnitude of resistivity as the HMTA film. These values are lower than the reported 108 ~ 1012 
Ω⋅cm range in the literature for CBD-Zn(S,O,OH)72,74 but are still higher than many semiconductor 
materials, making the films suitable as nucleation layers for electrical testing of other thin films. 
As a nucleation layer, adhesion to the substrate is important. A Scotch-tape test revealed 
that the HMTA film resisted peeling and adhered well to the glass substrate, while the Standard film 
showed high variability with some films remaining on the substrate but others peeling off with the 
tape. In order to quantify adhesion of the films, a double cantilever beam (DCB) test was employed. 
DCB tests are widely used for characterizing wafer bonding, an important manufacturing process for 
microelectronics.75 The DCB test was conducted by inserting a thin blade at the interface of a 
bonded pair of beams and measuring the propagated crack length. Figure 6.8a illustrates the 
experimental setup where the glass substrate acted as the bottom beam, a similar glass cover was 
used as the top beam, and a layer of epoxy bonded the two. The equation relating crack length, L, 
to the work of adhesion, WA, is given by the Maszara model equation:
76 
𝑊! = 3𝐸𝛿!𝑡!16𝐿!  
where E is the Young’s modulus of the beam (72 GPa for soda-lime glass),77 δ is the load-point 





Figure 6.8. Double cantilever beam test for film surface fracture energy. (a) Specimen preparation and 
test schematic (not to scale). (b) HMTA film under test showing crack length of 29 mm. 
Figure 6.8b shows photograph of the HMTA film under reflection of a visible light source. 
Crack fringes are visible due to light interaction with the sub-micron air gap. An observation by the 
naked eye after removing the cover glass confirmed that the interface fracture occurred at the film-
substrate interface. The work of adhesion obtained from three samples of HMTA film was 0.72 ± 
0.10 J/m2, which is comparable to that of vacuum-deposited metals on glass,78 and graphene on 
copper.79 Similar to the analyses in Ref. 78 and 79, we believe van der Waals forces contribute 
primarily to the work of adhesion, while other interactions such as electrostatic, ionic and covalent 
bonding may also play a small role. 
For Standard films, results were highly varied with samples cracking to various lengths and 
some beyond the limit of the beam length, in agreement with the Scotch-tape test. The strain in the 
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6.3.2. Application as Nucleation Layer 
Since the HMTA film can be deposited uniformly and adherently over glass and FTO, and 
has high transparency and band gap, it is an ideal candidate for a nucleation layer for other metal 
sulfide films. Sb2S3 has gained much attention as a photovoltaic absorber material,
80,81 but studying 
the thin film separately from the device has been challenging since it deposits non-continuously on 
glass substrates.62,63 
Sb2S3 films were deposited on glass and on the HMTA film for 1 hour using SbCl3 and 
sodium thiosulfate precursors at 5 °C.82 On glass, non-continuous sparse nodules were obtained as 
expected (Figure 6.9a). On the HMTA seed layer, a 100 nm-thick uniform Sb2S3 film was obtained 
(Figure 6.9b). The continuity of the film was confirmed with surface XPS analysis (Figure 6.9c). Sb2S3 
on the seed layer has sharp Sb 3d5/2 and 3d3/2 peaks (at 528 and 534 eV, respectively) as well as S 2p 
peak (162 eV, not shown), but the Zn LMM (~500 eV) and Zn 3p peaks (88 eV) from the underlying 
seed layer are absent. The surface of Sb2S3 on glass shows presence of Si 2p peak (103 eV) and is 
evidently non-continuous. Use of the HMTA film as a nucleation layer opens up possibilities for 




Figure 6.9. SEM 45° tilt view of Sb2S3 (a) on glass and (b) on HMTA film serving as a seed layer. The 
inset in (b) shows the seed layer without Sb2S3. Deposition on glass resulted in nodular morphology and 
non-continuous coverage, whereas 100 nm-thick continuous film was formed on top of the seed layer. 
The continuousness of the Sb2S3 film on the seed layer is evident by the absence of Zn LMM (500 eV) 
and the Zn 3p (88 eV) peaks from (c) the surface XPS spectrum. The non-continuousness of the 
Sb2S3/glass sample is confirmed by the presence of the Si 2p peak (103 eV). 
6.3.3. Role of HMTA 
In this work, we have shown that addition of HMTA to the bath led to faster nucleation and 
growth of Zn(S,O,OH) film. To demonstrate if pH difference is the sole cause for higher deposition 
rate, the Standard bath was titrated with an external hydroxide source to mimic the pH profile of the 
HMTA bath, as adapted from the method of McPeak et al. for ZnO deposition.69 The buffer 2-(N-
morpholino)ethanesulfonic acid (MES) was used and the bath was continuously stirred to prevent 
sudden pH changes and inhomogeneity. The initial bath pH was adjusted to 5.2 at 90 °C, and the 
bath was titrated over time with 1.0 M KOH to match the pH profile of the HMTA bath. The 
changes in bath volume and ionic strength are minimal and are not expected to significantly affect 





The titration bath yielded no films on a glass substrate as observed by SEM. As mentioned, 
without heterogeneous nucleation or attachment of nuclei, no films can be deposited. To put aside 
nucleation limitations, Zn(S,O,OH) film from the HMTA bath was used as a nucleation layer. If the 
growth rate of the HMTA bath were fully mimicked, ~90 nm of film would be added. However, 
only 32 ± 4 nm of additional film was deposited (see Figure C.4 in Appendix C), and dried 
precipitate mass was also less than that of the HMTA bath. Since HMTA slowly decomposes to 
ammonia, titration with an external ammonia source in place of KOH was also performed, and 
similar results were obtained. The titration film thickness is still considerably higher than 12 nm 
deposited by the Standard bath for the same time. Thus pH plays an important role in film growth 
rate as we have stipulated, but the presence of HMTA accelerates growth beyond simply the pH 
effects. 
Growth acceleration occurs when the kinetics of the rate-determining step has changed or 
other film formation pathways have been competitively promoted. Since HMTA does not bind with 
Zn2+ ion in the bath,66 HMTA may be involved in the transition state of the Zn-TAA reaction or 
directly with the decomposition of TAA. A comprehensive study on the possible reaction pathways 
of TAA was discussed by Bayon et al.84 for deposition of In(OH)xSy. The pathways for the analogous 
Zn(S,O,OH) system are shown in Figure 6.10. The direct reaction governing the rate of the Standard 
bath is represented in (A) where TAA or thioacetoimide tautomers react directly with free Zn2+ ions 
for solids formation. TAA can also decompose either directly to provide S2- ion as in (B), or to 
thioacetic acid (TAC) intermediate before further decomposing to provide S2- ion as in (C). It is worth 
noting that a mechanism entailing Zn(OH)2 nucleation, as we have observed for the ammoniac 
deposition of Zn(S,O,OH),67 appears unlikely. Zn(OH)2 and ZnO phases are undersaturated, as 
determined by speciation modeling using PHREEQC27 software and stability constants available 
from NIST15 (more details are provided in Appendix C.6). Hence no nucleation or growth by 




Figure 6.10. Pathways for reaction of thioacetamide in acidic and near-neutral media. (A) TAA 
tautomerizes to thioacetoimide and both can react with Zn2+ directly to form ZnS. (B) TAA hydrolyzes to 
acetamide and sulfide ion, and further decomposes to acetic acid and ammonia. (C) TAA hydrolyzes to 
thioacetic acid (TAC) and further decomposes to acetic acid and sulfide ion. Adapted from Ref 84. 
Since the HMTA bath yielded more film and precipitate than the titration bath, its bath TAA 
concentration is likely to decrease more rapidly with time. Figure 6.11a and b show time-resolved 
ATR-FTIR spectra of the HMTA bath and the titration bath respectively. The range 950-1050 cm-1 is 
ideal for monitoring of HMTA and TAA concentrations as the signal to noise ratio is excellent and 
the water baseline varies slowly and is thus easy to subtract. The peak at ~1010 cm-1 is due to N-C 
stretching of HMTA,85 whereas the peak centered ~980 cm-1 is due to CH3-rocking of TAA.
86,87 The 
aliquot at time zero might have been sampled before mixing is fully homogeneous, as denoted by 
the unusually high TAA peak and the unusually low HMTA peak. Nevertheless, the rate of decay of 
the TAA peak from 5 min onwards is more rapid for the HMTA bath than the titration bath. Overall, 
~60% of the TAA decayed in the HMTA bath as compared to ~19% in the titration bath, ~3× faster 




































Figure 6.11. FTIR spectra of (a) HMTA bath, and (b) titration bath. TAA peak decays more rapidly in 
HMTA bath than in the titration bath. Dashed line shows spectrum of a 0.30 M HMTA solution. 
The fast disappearance of TAA in the HMTA bath confirms the accelerated reaction but is 
insufficient for concluding a specific role of HMTA. Variation in other parameters could further 
elucidate the role. If HMTA accelerates the direct Zn-TAA reaction (A), reaction rate should be a 
function of TAA, HMTA and Zn2+ concentrations, and a reduction in initial Zn2+ concentration 
should result in a slower TAA disappearance rate. Similar FTIR analysis was done on an HMTA bath 
with 10× less ZnSO4 (and NTA). Its pH profile and TAA disappearance rate are similar to the regular 
HMTA bath and are independent of Zn2+ concentration, which indicates not only that HMTA 
dominantly controls pH, but also that HMTA does not accelerate the direct reaction (A) (See Figure 
C.5 in Appendix C). 
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The fast consumption of TAA in the HMTA bath can lead to solids formation through 
accelerated hydrolysis of TAA, releasing more S2-, which leads to larger degree of supersaturation of 
ZnS by pathways (B) or (C). Total sulfide ion concentration in the HMTA bath and the titration bath 
were recorded following the method reported in Chapter 5 using a sulfide ion-selective electrode. 
For each bath, the sulfide concentration is 6 × 10-5 M initially. This value is used to calculate the 
supersaturation index (SI) of the ZnS phase with the free Zn2+ ion concentration determined from the 
PHREEQC speciation software (see Chapter 3). Since the pH and the concentrations of total Zn2+ ion 
and NTA are identical between the two baths, the free Zn2+ ion concentration is similar, and the 
SI(ZnS) are equal at 6.3. The ion condensation pathway has the same impact on the film nucleation 
in the two baths, no matter how small. Its impact on film growth acceleration, or lack thereof, is 
more apparent with its time-dependency. Figure 6.12 shows that the total sulfide concentration 
decreased with time for the HMTA bath, but increased for the titration bath. The HMTA bath also 
has less total Zn2+ ion in the bath at any one time than the titration bath since more solids were 
formed. Thus SI(ZnS) for the HMTA bath is always lower than the titration bath. This inversion of SI 
compared to their relative growth rates is strong evidence that pathway (B) is not significantly 
accelerated by the presence of HMTA, and that another pathway was competitively consuming 
TAA.  
 




Given that TAA disappears faster in presence of HMTA (Figure 6.11) but does not react 
faster directly with Zn2+ or lead to accumulation of S2- ions (Figure 6.12), the likely promoted 
pathway is (C) involving an intermediate. In this case, the decomposition of TAA to TAC (or other 
intermediates) is accelerated by HMTA, followed by fast reaction of the intermediate(s) with Zn2+ 
ions to form ZnS solids. Quantification of TAC in the bath using FTIR was not reliable as the TAC 
peaks in aqueous solution are relatively weak and are situated on the shoulder of HMTA peak. It is 
plausible that the intermediate(s) contain C and N (such as thiocyanate) as detected in the film 
composition analysis by XPS (Figure 6.4). 
6.4. Summary and Conclusions 
Chemical bath deposition in the near-neutral pH regime allows Zn(S,O,OH) thin films with 
low oxygen content to be deposited. However, the deposition rate is low due to consumption of 
hydroxide by the thioacetamide (TAA) sulfur source, leading to reduced pH and reaction rate. 
Hexamethylenetetramine (HMTA) was added to maintain high pH for faster reaction kinetics. Thin 
films deposited with HMTA additives were continuous, uniform, and well-adherent to the glass, 
FTO and Cu2(Zn,Sn)Se4 substrates. HMTA is believed to catalyze the decomposition of TAA to 
reactive S-containing intermediate(s) in addition to maintaining high pH. Regardless of specific 
reaction mechanism, we have demonstrated a novel chemistry for deposition of Zn(S,O,OH) thin 
films with low oxygen content, higher growth rates, transparency, resistivity and adhesion to serve 
as a nucleation layer or an extremely thin continuous coating for thin film applications. Strategic use 
of HMTA may also lead to improved solution processing and film properties for other metal 




Chapter 7. Dynamic Speciation Modeling of Chemical Bath Deposition to 
Guide Selection of Complexing Agents for Depositing ZnS Thin Films 
7.1. Introduction 
Chemical bath deposition (CBD) recipes are often optimized by trial-and-error and hence 
are considered only on the basis of initial bath conditions. Description and impact of the bath 
evolution is largely limited to pH and deposited mass measured with quartz crystal microbalances 
(QCM).24–26 Fundamental understanding of the time-evolution of the baths, critical to strategic 
design of bath recipes, is lacking. In Chapter 6, we demonstrated that by understanding the time 
evolution of the decomposition of the sulfur source and its dependency on pH, novel approach to 
tuning the deposition rate is possible. This chapter aims to showcase the use of dynamic speciation 
modeling in understanding the evolution of the deposition kinetics, particularly the effects of 
complexing agents on the cation concentrations, using ZnS as an example material system. 
Complexing agents, also known as ligands, are typically added to the bath to control the 
availability of the free cation through thermodynamic equilibrium. The concentration of the 
complexing agent is typically tuned together with that of the metal salt to achieve desired film 
properties such as deposition rate, adhesion, and roughness. Many researchers have reported 
comparisons of complexing agents,88–91 but many comparisons are not on fair grounds. There are 
two separate issues in such comparisons that must be addressed. First, the initial conditions should 
be similar, including the pH, ionic strength, precursor concentrations, and the free cation 
concentration made available by the complexing agent. Second, the time-evolution behavior of the 
complexing agents in question should be characterized and understood. If these two criteria are not 
met, then conclusions about one agent providing faster deposition rate than the other are often not 
entirely accurate.  
Knowing how complexing agents behave in the bath can help with their selection and bath 
design in general. Complexing agents’ behaviors are largely defined by their stability constants, Ks, 
and hence can be modeled with equilibrium calculations (see Table 2.1). 
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Ethylenediaminetetraacetate (EDTA) has the largest Ks value and hence binds most strongly to Zn
2+ 
while nitrilotriacetate (NTA) and citrate bind less strongly. As such, a smaller amount of EDTA is 
needed in the bath relative to NTA and citrate to achieve the same free Zn2+ ion concentration, an 
important parameter to ensure fair initial deposition conditions. As metal ions are consumed by 
formation of solids, strongly binding agents also continue to hold on to the remaining metal ions 
strongly. As a result, free metal ions are less readily available in EDTA-containing bath as the bath 
evolves compared to baths with low-affinity ligands. Speciation modeling is an ideal tool for 
understanding the equilibrium concentrations in the bath with minimal experimental trial-and-error. 
Speciation modeling can aid in strategically tuning the initial condition and can be coupled with 
experimental bath characterization for deeper understanding of the evolution of the driving forces 
for film formation.  
Speciation modeling is a computational tool that provides quantification of the equilibrium 
concentrations of the important species involved in the deposition. When these concentrations are 
compared to the solubility products (Ksp) at the reaction temperature, the thermodynamically 
governed deposition driving force can be calculated and analyzed as described in Chapter 2. In the 
typical ion-reaction pathway, the saturation index (SI) is defined as a measure of the driving force 
and hence the deposition kinetics. Ion reaction is the dominant pathway for deposition of ZnS in the 
alkaline and highly-acidic regimes.13 Speciation modeling of CBD has been previously reported for 
CdS57,92,93 and also for ZnS.24,43,45,94 However, those works limit the approach to studying the initial 
condition, and not the evolution of the baths. Furthermore, S2- ion concentration was typically 
assumed to come from total decomposition of the sulfur precursor at time zero. This assumption is 
not always true, and it results in a gross overestimate of the deposition driving force. In our previous 
works, we experimentally measured the time-resolved concentration of S2- ion in the bath for a more 
accurate determination of deposition driving forces by this pathway.42,67,95  
In this work, we compare the behavior of complexing agents by using a reference recipe 
that we developed for rapid deposition of low-oxygen ZnS films for photovoltaic buffer layer and 
nucleation layer applications in Chapter 6. The near-neutral chemistry has a different dominant 
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deposition pathway than the typical ion reaction as described above, but the conclusions can be 
extended to any system that uses complexing agents to control the free cation concentration. The 
chemistry includes hexamethylenetetramine (HMTA) additive, whose primary role is to maintain the 
bath pH at 5~6. The kinetics of ZnS deposition was dominated by direct reaction of the free Zn2+ 
ion with the thioacetamide (TAA) precursor and possibly its decomposition intermediates.95 The 
direct reaction kinetics can be phenomenologically expressed as the disappearance of the total Zn2+ 
ion in the bath:22,23 
− 𝑑 𝑡𝑜𝑡𝑎𝑙  𝑍𝑛!!𝑑𝑡 = 𝑘 𝑓𝑟𝑒𝑒  𝑍𝑛!! 𝑇𝐴𝐴𝐻! !/!  
Despite the lack of knowledge of exact reaction mechanisms, this recipe provides an excellent basis 
for comparison of complexing agents on the reaction rate for two reasons. First, the time-resolved 
pH profile is controlled by HMTA. pH is a key parameter in governing speciation and hence needs 
to be comparable throughout the deposition time for a truly fair comparison between complexing 
agents. While controlling the pH profile using external sources of hydronium or hydroxide ions is 
possible (i.e. by titration), having HMTA as a homogeneous pH controller eliminates questions 
related to the homogeneity of the added ions. Second, HMTA does not complex with Zn2+ ions,66 
and thus does not complicate the modeling of speciation. Hence, the important concentrations in 
our comparison of complexing agents on the deposition rate are the total and free Zn2+ ion 
concentrations, TAA concentration, and pH. The time evolution of these parameters are recorded 
and discussed. 
To capture film deposition rate as a function of time, we employed a continuous flow 
microreactor (CFµR) that was described in Chapter 4. With the CFµR, local film thickness is a 
representation of film deposition rate at that residence time. The CFµR offers superior thickness 
monitoring over QCMs because it captures the deposition rate as well as film roughness and other 
properties all on a single substrate. 
ZnS films were grown in the CFµR with each of the three different ligands, with baths 
designed to provide the same initial [free Zn2+]. All three baths have the same initial growth rate, as 
  
76 
designed. However, as expected, the bath with EDTA as the complexing agent resulted in a film 
with a dramatic thickness gradient along the substrate due to the strong Zn2+ binding affinity of the 
complexing agent. In contrast, the baths with NTA and citrate had more gradual reduction in film 
thickness with position. These results agree with our speciation simulation of the evolution of the 
free Zn2+ concentration with reaction time for the three complexing agents. Dynamic speciation 
modeling provides unprecedented access to details of the bath evolution, and it is a powerful tool 
for strategically designing CBD baths for deposition of any material system. 
7.2. Experimental Details 
7.2.1. Film Deposition 
Soda-lime glass (Hartford Glass) substrates and silicon wafers coated with ~50 nm of Cr and 
finished with a few nm of Pd and cut to 25 mm × 60 mm were used in the deposition of batch films 
and microreactor films, respectively. The glass substrates were cleaned by sequential sonication at 
60 °C for 15 min in 20% Contrad 70 (Decon Labs), acetone-ethanol solution, and 1 M HCl, 
followed by multiple rinses in deionized (DI) water (18.2 MΩ·cm, Barnstead) and drying under 
nitrogen stream. The silicon wafers were similarly cleaned but with the omission of the HCl step. 
Silicon wafers provided a smooth surface and a clean cross-sectional fracture for reliable film 
thickness measurements, while the Cr/Pd-coating provided excellent film adhesion. 
In the batch deposition of the films, mixed concentrations of 0.04 M ZnSO4, 0.12 M 
thioacetamide (TAA), 0.30 M hexamethylenetetramine (HMTA), and the complexing agent were 
used following the method reported in Chapter 6. The solutions were separately preheated to 90 °C 
and deposition time was 40 min. The starting pH at 90 °C was 5.2. The following adaptations were 
made for the purposes of comparing the dynamic behavior of the complexing agents in the bath. 
First, the amount of complexing agents added to the baths were defined by bath equilibrium 
modeling such that the initial free Zn2+ concentration was 5 × 10-4 M in each case. These 
concentrations were determined to be 0.039 M EDTA, 0.040 M NTA, and 0.088 M citrate. EDTA 
diacid disodium salt, NTA trisodium salt, and a combination of citric acid and trisodium citrate (all 
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ACS Reagent grade, Sigma-Aldrich) were used as reagents, respectively. For the citrate bath, tuning 
the citric acid to citrate salt ratio eliminated the need for acid pH adjustment and kept the bath ionic 
strength as close to the EDTA and NTA baths as possible. Second, HCl was used for adjustment of 
starting pH instead of H2SO4. Cl
- binds very weakly to Zn2+ because of the low primary Ks value 
(Table 2.1), and hence the free Zn2+ concentration will not be significantly affected by the different 
amounts of HCl needed for different complexing agents. 
In the microreactor film deposition, the microreactor described in Chapter 4 was used. Two 
syringe pumps fed the precursor solutions through a dynamic mixer to the microreactor inlet. One 
syringe contained a solution of ZnSO4 and the complexing agent, while the other contained TAA, 
HMTA, and any pH adjustment acid. The solution concentrations were such that the mixed 
concentrations were the same as in the batch mode. Total flow rate was 1.15 mL/h, resulting in bulk 
flow velocity of 1 mm/min throughout the 40 mm length of the microreactor. The substrate was 
heated from the backside, yielding the substrate-solution interface temperature of 90 °C. The films 
were deposited for 3 hours.  
7.2.2. Film Characterization 
Thin films were imaged using scanning electron microscopy (SEM, Zeiss Supra 50VP) at 15 
kV and working distance of ~4 mm with in-lens detector. Film thickness measurements were 
obtained from cross-sectional micrographs of the films. 
Grazing-incidence X-ray diffraction (GIXRD) was done on the ZnS films on glass at 
incidence angle of 0.5° and spot size of 15 mm by using a Rigaku SmartLab diffractometer equipped 
with Cu Kα X-ray source operated at 40 kV and 44 mA and parallel beam, in-plane optics. A scan 
rate of 80 s/step and step size of 0.05° were used. 
7.2.3. Bath Characterization 
The bath pH was measured with a pH probe (Thermo Orion 8102BNUWP), preheated and 




Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 
measurements were performed using a Thermo Electron Nicolet 6700 Series FTIR spectrometer. For 
bath composition studies, aliquots were extracted from the batch baths at 5 min intervals, filtered 
with 0.45 µm syringe filter, quenched to room temperature in an ice bath, and drop-casted onto the 
diamond ATR (Specac Inc.) with spot size of 2 mm × 2 mm. All spectra were collected using a 
liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector with 32 scans per spectrum at a 
resolution of 1 cm−1. A background spectrum of the bare ATR crystal was collected and subtracted 
from all measurement spectra. The spectra were further corrected by subtracting an appropriate 
weighting of the water spectrum. 
Total Zn2+ ion concentrations in the baths were quantified using microwave plasma-atomic 
emission spectroscopy (MP-AES) using an Agilent 4100 MP-AES at the University of Delaware 
Advanced Characterization Lab. Aliquots were extracted from batch baths at 5 min intervals and 
filtered with 0.45 µm syringe filter. Immediately, 50 µL of the aliquots were quenched in 10.00 mL 
of 2 wt% nitric acid (trace metal grade, BDH) in acid-leached plastic tubes. Data were reported as 
average of 3 replicates. Concentrations were determined by comparison of intensities with a 
calibration curve obtained from standards of known concentrations. 
7.3. Results and Discussion 
For a fair comparison of the effect of different complexing agents on film deposition rate, 
total and free Zn2+ ion concentrations (hereafter denoted as [total Zn2+] and [free Zn2+], respectively) 
at the initial condition need to be comparable across the baths, along with pH, ionic strength, and 
TAA concentration. Total Zn2+ concentration limits the maximum depositable mass and can be 
simply controlled by the amount of ZnSO4 added to the bath. The free portion of the Zn
2+ ions has 
direct impact on the deposition rate and is governed by the amount of the complexing agent and its 
Ks, but it is difficult to determine without computational modeling. We use equilibrium speciation 
modeling as discussed in Chapter 3 to determine the concentration of the species in the bath at the 
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reaction temperature and pH. Speciation modeling offers rapid tuning of the complexing agent 
concentration to ensure that the [free Zn2+] are equally available across all compared baths. 
The reference recipe for comparison is one that we had developed and discussed in 
Chapter 6. The presence of HMTA in the bath ensures that pH is maintained at 5~6 (see Figure 7.1) 
by providing a constant homogeneous supply of OH- ion, but itself does not complex with Zn2+ 
ions.66 The relatively constant pH profile is highly suitable for the purposes of this study, as pH 
strongly affects speciation in the bath, and wide variation in pH may yield unfair comparison 
between the baths. Based on the success of the reference recipe, the initial [free Zn2+] was 
determined to be 5 × 10-4 M by modeling, and was used as the basis for comparing the three 
complexing agents of interest. The amounts of EDTA, NTA and citrate complexing agents were 
tuned to achieve this value in the models, and were determined to be 0.039 M, 0.040 M, and 0.088 
M respectively. This concentration trend is a clear reflection of the complexing agents’ primary Ks, 
in which EDTA binds the strongest and citrate the weakest amongst the three (See Table 2.1). The 
amounts of HCl needed to achieve initial pH of 5.2 were determined experimentally, and were 
included in the model, but did not significantly affect the [free Zn2+] of the baths. 
 
Figure 7.1. pH profiles of EDTA, NTA and citrate baths. The initial pH are at 5.2 for all the three baths, 
and evolves very similarly over 40 min bath time. 
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Ionic strength is another parameter that should be controlled for fair comparison. Ionic 
strength affects the electrical double layer thickness of surfaces and could play a major role in film 
depositions, especially those involving charged species. Ionic strength of EDTA and NTA baths are 
0.23 M and 0.22 M respectively. The ionic strength of citrate bath is 0.51 M and is already at a 
minimum possible for this recipe. This high ionic strength is due to high dissociation (low Ks values) 
of citrate with its cations (Na, H, Zn). The use of citric acid to partly substitute citrate trisodium salt 
for pH adjustment eliminated the need for HCl and kept ionic strength as close to those of EDTA 
and NTA baths as possible. Most importantly, these ionic strengths, while not close to the dilute 
limit, are within the acceptable modeling range (< 0.7 M).27 
 Figure 7.2 shows the modeled species concentrations at the initial condition of the baths. 
Species concentrations differ by orders of magnitude and hence need to be represented in log scale. 
Since the [free Zn2+] were the same across the three baths, as well as other parameters (pH, [TAA], 
ionic strength), one might interpret this data as saying that the deposition driving force for the three 
baths is equivalent and hence will yield the same film thickness. However, this data only shows the 




Figure 7.2. Modeled species concentrations at initial concentration of the EDTA, NTA and citrate baths. 
Total Zn2+ ion concentrations are the same at 0.040 M across all three baths. Complexing agent 
concentrations are tuned such that the free Zn2+ ion concentrations are the same at 5 × 10-4 M. Note the 
log scale. 
The important difference between the ligands is apparent when the [free Zn2+] is simulated 
against the depletion of [total Zn2+] along the reaction trajectory (Figure 7.3). The [free Zn2+] 
dropped by five orders of magnitude with the slightest reduction (5%) of [total Zn2+] for the EDTA 
bath, while the reduction in [free Zn2+] occurred to a much lesser degree in the NTA and citrate 
baths. As Zn2+ is consumed by formation of film and precipitates, the strong binding EDTA does not 
release Zn2+ to compensate the loss as much as the weaker binding NTA and citrate. Thus the 
deposition rate in the EDTA bath is expected to be the same as the other two baths initially, but it 
quickly and dramatically decreases as Zn2+ is consumed. On the contrary, the NTA and citrate baths 




Figure 7.3. Simulated free Zn2+ ion concentration evolution as a function of the total Zn2+ ion 
concentration along the reaction trajectory. The initial free Zn2+ concentrations are designed to be equal 
for all three baths. In EDTA bath, the free Zn2+ ion concentration reduces by several orders of magnitude 
with the slightest reduction in total Zn2+ ion concentration, suggesting that its deposition rate will 
decrease most rapidly amongst the three baths despite having similar initial conditions. Stars represent 
the experimentally determined total Zn2+ concentrations after 40 min deposition time. 
7.3.1. Batch Film Properties 
The three baths were used to deposit individual ZnS films on glass substrates for 40 min in a 
batch reactor, and their total thicknesses and crystallinity were compared. Figure 7.4 shows tilt view 
SEM micrographs of the films. As expected from the simulation results, the EDTA bath yielded film 
(EDTA film) with the least deposited material. The EDTA film is barely continuous, with thickness 27 
± 4 nm, while the NTA film is continuous and 73 ± 6 nm thick, and the citrate film is the thickest at 
140 ± 120 nm but also very rough. The experimental film thickness trend corresponds to the result 




Figure 7.4. Tilt view scanning electron micrographs of the 40 min batch deposited (a) EDTA, (b) NTA, 
and (c) citrate films. EDTA film (27 ± 4 nm) has significantly less film material than NTA (73 ± 6 nm) and 
citrate films (140 ± 120 nm). 
Despite being deposited from baths with different complexing agents, the deposited films 
showed similar crystalline properties as determined by GIXRD (Figure 7.5). Since EDTA film was 
extremely thin, four sequential depositions were required to register a useful diffractogram. The NTA 
film had low roughness and provided excellent signal to noise ratio, whereas large roughness 
yielded a noisier diffractogram for the citrate film. The three films were nanocrystalline ZnS of 
mixed cubic and hexagonal phases with small inclusion of oxygen that shifted the peak positions 
slightly toward higher Bragg angles, similar to the analysis of the film deposited from the reference 
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recipe. Overall, the composition and quality of the films were similar, but thicknesses were different 
due to different deposition rates that stemmed from the throttling behavior of the complexing agents. 
 
Figure 7.5. Grazing incidence XRD diffractograms of the batch films from EDTA, NTA, and citrate baths. 
Diffractograms corresponded to a mixture of ZnS cubic (PDF# 01-077-2100, red reference lines) and 
ZnS hexagonal (PDF# 00-036-1450, blue reference lines) and were equivalent for all three samples. 
EDTA film was obtained from four sequential depositions. 
7.3.2. Dynamic Bath Characterization Results 
The difference in overall deposition rates are better understood with time-resolved tracking 
of the kinetic components, namely the [free Zn2+], TAA concentration, and pH. Since pH does not 
vary significantly throughout the deposition and the profiles were similar across the three baths, its 
effect on the rates was assumed identical. The [free Zn2+] was obtained by speciation modeling 
based on known parameters, namely pH, temperature, [total Zn2+], and concentrations of other 
added constituents in the initial condition (i.e. SO4
2-, Cl-, etc.). While other parameters were largely 
constant with reaction time, the dynamic [total Zn2+] were experimentally measured using MP-AES, 
which is capable of quantifying ppm-level metal concentrations. Figure 7.6 shows the evolution of 
[total Zn2+] with reaction time of the three baths. The EDTA bath exhibited the least reduction, only 
2.3% less than the initial value after 10 min, and remained constant at that value through 40 min 
time. The [total Zn2+] in the NTA bath decreased gradually over 40 min, ending at 0.034 M. The 
citrate bath had an induction period with no consumption in the first 10 min, followed by rapid 
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consumption, concluding with [total Zn2+] of 0.018 M after 40 min bath. The [total Zn2+] was 
reduced by 15% for NTA and 55% for citrate over the course of the reaction. 
 
Figure 7.6. Total Zn2+ ion concentration from the extracted bath aliquots as measured by MP-AES. 
EDTA bath showed very small reduction in the total Zn2+ ions, while citrate bath showed a period of 
induction time before reaction consumed the Zn2+ ions at a significantly higher rate than EDTA and NTA 
baths. 
The terminal [total Zn2+] values are indicated on Figure 7.3 as stars for the individual baths, 
which enables the [free Zn2+] to be read off the chart. Even though just 2.3% of the total Zn2+ was 
consumed in the EDTA bath, the [free Zn2+] dropped by three orders of magnitude within the first 10 
min and dramatically reduced the film growth rate. It should be noted that because of the large 
slope of this correlation, the actual terminal [free Zn2+] of the EDTA bath could be one or two orders 
of magnitude different from this value, but the conclusions remain the same. On the contrary, the 
[free Zn2+] of NTA and citrate baths remained relatively high, yielding much thicker films than the 
EDTA bath after 40 min. These baths could potentially yield even thicker films at longer times until 
the [free Zn2+] drops to the terminal level of the EDTA bath, or until the TAA is exhausted. 
The concentration of TAA and possibly its decomposition intermediates also contribute to 
the driving force for deposition and need to be monitored. TAA concentration decreased with 
reaction time as it was consumed by reaction with Zn2+ and also by decomposition to S2- ions and 
intermediates. Figure 7.7 shows time-resolved FTIR spectra of the TAA peak for EDTA, NTA and 
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citrate baths. The peak at ~980 cm-1 is due to CH3-rocking of TAA and decayed with reaction time. 
The [TAA] decayed at a similar rate for all three baths and ended at ~60% less than its initial value 
after 40 min reaction time. This means the deposition rate contribution from TAA and its 
intermediates were comparable across the three baths at any instance in time. The equal rate is not 
surprising since similar concentrations were used and pH profiles were very similar. Thus, the 





Figure 7.7. FTIR spectra of (a) EDTA bath, (b) NTA bath, and (c) citrate bath. Dashed line shows the 
spectrum of a 0.30 M HMTA solution baseline. (d) Thioacetamide (TAA) peaks at ~980 cm-1 decay with 
an identical profile for all three baths, indicating comparable effects of TAA and its intermediates on the 
reaction rate for the three baths. 
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7.3.3. Microreactor Film Captures Deposition Rate 
The continuous flow approach of the microreactor enables the dynamic film growth to be 
captured as a single film whose thickness is graded laterally along the direction of flow. Similar bath 
compositions and temperature were used in the CFµR as in the batch mode. The 1 mm/min flow 
rate transposes the evolution in the 40 min batch bath onto the 40 mm length of the channel. Films 
were deposited using Pd-coated silicon wafers as substrates since the crystalline silicon substrate 
was suited for cross-sectional fracturing for accurate determination of film thicknesses and the Pd 
layer provided superior adhesion of the films. 
Photographs of the samples deposited for 3 hours from flowing EDTA, NTA and citrate 
baths are shown in Figure 7.8a, b, and c, respectively. The interference fringes represent thickness 
variation as light interacts with the films. Tight fringing is a sign of drastic variation of film thickness 
and was most prominent in the EDTA sample at around 5~10 mm position. The NTA sample had 
gradual fringing, while the citrate sample showed some fringing at the first 3 mm, likely due to an 




Figure 7.8. Photographs of (a) EDTA, (b) NTA, and (c) citrate microreactor films on Pd-coated silicon 
wafer under reflection of natural light. The interference fringes are indications of changing film 
thicknesses with spatial position. EDTA microreactor film showed tightest fringes, indicating drastic 
thickness change around 5 mm position. NTA film showed gradual fringing whereas citrate film showed 
almost no fringes at all. (d) Film thicknesses as determined from SEM cross-sectional images. Each 
citrate datum is an average of three measurements. 
Film thicknesses were measured using cross-sectional SEM of the fractured samples and are 
shown in Figure 7.8d (SEM images provided in Figure D.1 in Appendix D). At 0 mm inlet, the 
thicknesses of the three films were very similar. The conditions at the microreactor inlet reflect the 
initial batch conditions, and the thickness equivalence confirmed the similar deposition rate as a 








decreased from 305 nm to 73 nm within the first 8 mm and maintained similar thickness until the 
outlet. This dramatic reduction in growth rate is due to the rapid decline of [free Zn2+] with 
residence time as predicted by the simulation results (Figure 7.3). The film thickness profile also 
agrees with the [total Zn2+] consumption profile in Figure 7.6, in which the consumption of Zn2+ 
was almost completely impeded after 10 min. A significant fraction of the 73 nm thick film at 8-40 
mm position was deposited by the pre-loaded charge of solution as it flowed out of the microreactor 
before it reached steady state. 
 The NTA and citrate baths upheld their deposition rates much better than did EDTA 
throughout the 40 mm distance, as displayed by their microreactor-deposited films in Figure 7.8. 
The NTA film showed a gradual decrease in thickness from 326 nm at the inlet to 195 nm at the 
outlet. The same can be said for the citrate film, but with higher film roughness and the presence of 
an induction period. The average citrate film thickness increased slightly in the first 3 mm from 296 
nm to 342 nm, and then decreased very gradually to 248 nm at the outlet. The induction period (3 
min equivalent) is less than the ~10 min observed in the batch mode, likely because of the superior 
nucleation effects as a result of excellent heat transfer from high surface area-to-volume ratio in the 
microreactor chamber. The gradual thickness profiles of the NTA and citrate microreactor films 
matched expectations drawn from the simulated gradual throttling of free Zn2+ and agreed with the 
moderate but continual consumption of total Zn2+ measured for the batch reactor. The thickness 
profiles of the microreactor-deposited films exactly displayed the predicted effect of the complexing 
agent on kinetics of ZnS thin film deposition through the complexing agents’ control of [free Zn2+].  
7.4. Summary and Conclusions 
Complexing agents play a major role in defining film deposition rate through their [free 
Zn2+] throttling behavior. Fair comparison of this behavior requires other kinetic parameters to be 
consistent between chemical baths and was achieved in this study using the reference recipe. 
Speciation modeling was extensively used to define a fair initial condition and to simulate the free 
Zn2+ throttling behavior of EDTA, NTA, and citrate complexing agents. The predicted deposition rate 
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profiles of the three baths were observed experimentally and were supported by the total Zn2+ 
consumption profiles. Understanding and predicting this dynamic behavior through simulation 
enables strategic design of CBD processes. Precise terminal thickness can be achieved in a highly 
robust process with the use of complexing agents like EDTA. Alternatively, fast and continual 
growth can be achieved in a single bath with the use of NTA or citrate. The same approach can be 
applied to study or strategically design chemical baths for other materials systems that use 





Chapter 8. Conclusions and Outlook 
Chemical bath deposition (CBD) holds its advantage in terms of simplicity and low-cost 
over other film deposition techniques despite not being fully understood. The method is known as a 
“recipe-based” approach, where the film outcome is described by the initial condition, and is often 
optimized through trial-and-error. Understanding bath dynamics is crucial in advancing CBD from 
the traditional “recipe-based” perception to one which film properties can be fully controlled by 
bath engineering.  
Speciation modeling allowed precise identification of the driving forces that define 
deposition rate and film stoichiometry. Coupled with dynamic bath characterizations, speciation 
modeling provides a detailed picture of the evolution of the bath. This approach bridges the initial 
bath condition to the film outcome and advances understanding of CBD of Zn(S,O,OH) thin films in 
an unprecedented way. 
The continuous flow microreactor (CFµR) developed in this work provided unique multi-
dimensional insight into the relationship between bath conditions and film properties with 
distinctive details. Dual time-domain of the CFµR coupled with dynamic speciation modeling 
provided conclusive evidence of separate nucleation and growth regimes in high performance 
ammoniac chemistries for Zn(S,O,OH) thin film deposition. The CFµR also enabled capturing of 
deposition rate evolution for comparison of other deposition chemistries. While the CFµR used in 
this work was developed for studying materials chemistry, the continuous flow approach to thin film 
processing can be further developed for several other applications and other material systems for 
desired film properties, or for identifying alternative processing conditions for lower cost or 
improved sustainability. 
Continuous Flow Microreactor for Combinatorial Library of Materials  
The combinatorial library concept offers rapid discovery of relationships between 
processing parameters and material properties. A large collection of materials is produced in a small 
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area for rapid identification of desired properties. In thin film processing, combinatorial library 
approach is largely restricted to vacuum deposition techniques as the diffusion lengths in gas phase 
are large, allowing precise control over the reactants’ paths to the substrate. Such approach cannot 
be achieved in traditional CBD as gradients in reactants’ concentrations cannot be controlled. The 
CFµR approach was previously demonstrated in deposition of film with graded composition of 
CdxZn1-xS, relying on the difference in Ksp of CdS and ZnS to achieve variation in deposition rates of 
the individual phases.42 However, the method exhibited no control over the material composition 
and hence was viewed as a non-combinatorial approach. The CFµR can be used as a combinatorial 
tool for CBD of ternary materials by depositing a stack of binary materials followed by annealing. 
The CFµR can be used to deposit a film with thickness gradient over centimeters of substrate due to 
its changing deposition rate. Another deposition can be made, either in batch mode or using the 
CFµR to put down a second binary material with the opposite thickness gradation trend. In this 
approach, the material composition is well controlled and can be reproduced individually. An 
example is shown in Figure 8.1 where film X (e.g. CuS) is deposited with a laterally graded thickness 
using the CFµR, and film Y (e.g. Sb2S3) is deposited by traditional batch CBD. The film stack is 
annealed to result in X,Y material (e.g. CuSbS2) that is X-rich in composition on one end and Y-rich 
on the other, for rapid identification of material properties. 
 
Figure 8.1. Combinatorial library of materials deposited by CBD using the CFµR. Film X is deposited 
with graded thickness due to changing deposition rate in the CFµR and film Y is deposited on top using 
a traditional batch CBD. The film stack is annealed to result in (X,Y) film library with X-rich on one end 







Speciation Modeling for Co-CBD of Ternary Materials  
Ternary materials offer tunability of properties to suit various applications. CBD of ternary 
materials in a single bath may, in principle, be achieved by combining the bath recipes of their 
binary counterparts. However, certain pairs of recipes may be very different in their deposition 
conditions such that a direct adaptation would not yield adherent film or result in too slow kinetics. 
As an example, formation of CuSbS2 ternary material can be achieved through co-deposition of CuS 
and Sb2S3. CuS is typically deposited in 50-70 °C,
96,97 whereas Sb2S3 is typically done at 5 °C.
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Although they are similar in their use of thiosulfate as the sulfur source, their vast difference in 
temperature of reaction make them highly incompatible for direct recipe combination. To maintain 
high deposition rate, deposition should be carried out at 50-70 °C, but Sb2S3 kinetics would be too 
fast and precipitation would dominate film formation. Reducing Sb3+ concentration is thus required, 
but is expected to be orders of magnitude less than one can reproducibly make. Therefore, strategic 
selection of complexing agent, through the aid of speciation modeling, is critical in designing co-
CBD of systems such as CuS-Sb2S3. 
Continuous Flow Microchannels for Non-CBD Thin Film Processes 
Non-CBD solution processes such as electrodeposition, electrophoretic deposition or 
etching can also benefit from continuous-flow configuration for understanding or advancing the 
materials processing. Processes that are not reliant on chemical reaction do not need elaborate 
distribution channels as in the CFµR that we have developed in this work, and hence the 
microchannels can be made relatively simpler. However, processes involving electrical connections 
may require strategic design of the microreactor using a combination of electrically conducting and 
insulating materials. Placement and shape of the exposed electrodes are vital to the pattern of the 
generated electric field, and thus the material and design of the sidewalls are also important. 
Continuous Flow Microchannels for Roll-to-Roll Processing 
The current CFµR setup allows for high yield solution processing of materials,41,98 but with a 
gradient of properties on the substrate. In many critical applications, non-uniformity presents a great 
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problem. A continuous-flow approach can be employed in conjunction with a continuously moving 
substrate for achieving uniform film properties as shown in the roll-to-roll processing schematic in 
Figure 8.2. The substrate can translate in either direction. If the substrate were moving in the same 
direction as the flow (co-continuous), and at the same speed, the deposition condition at any spatial 
position is akin to the batch deposition including any resultant gradation of film properties through 
the thickness. If the substrate were moving against the flow (counter-continuous), any gradation 
through film thickness would be the opposite that of the static batch reaction. In either case, 
deposited film will be uniform across all spatial positions. 
 
Figure 8.2. Roll-to-roll processing schematic with application of a continuous flow microchannel for 
high yield solution processing of materials. 
Based on the simple and low-cost benefit of CBD, the continuous flow approach holds 
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Appendix A. Equilibrium Speciation Modeling Database 
The parameters summarized in this Appendix are for use with the equations stated in 
Chapter 3, and for speciation modeling featured in Chapters 5-7. 
Table A.1. List of all related equilibrium processes considered in the model, with their stability constants 
and their temperature dependence. The Debye-Hückel parameter for calculating activity coefficient is 
for the first product in the reaction. Source P is the PHREEQC database within the software, and N is 
the NIST 46 database. 






















𝑁𝑎!   4.08, 0.082 P 𝑁𝑎! + 𝑂𝐻! ⇌ 𝑁𝑎𝑂𝐻 -10   N 𝑁𝑎! + 𝑆𝑂!!! ⇌ 𝑁𝑎𝑆𝑂!! 0.7 1.120 kcal  P 𝐶𝑙!   3.5, 0.015 P 𝑁𝑎! + 𝐶𝑙! ⇌ 𝑁𝑎𝐶𝑙 -0.3 -2 kJ  P 
 







𝐸𝐷𝑇𝐴!!   0, 0  𝑍𝑛!! + 𝐸𝐷𝑇𝐴!! ⇌ 𝑍𝑛𝐸𝐷𝑇𝐴!! 18.0 -4.7 kJ  N 𝐻! + 𝑍𝑛𝐸𝐷𝑇𝐴!! ⇌ 𝑍𝑛𝐻𝐸𝐷𝑇𝐴! 3.0 -2.2 kJ  N 𝐻! + 𝑍𝑛𝐻𝐸𝐷𝑇𝐴! ⇌ 𝑍𝑛𝐻!𝐸𝐷𝑇𝐴 1.2   N 𝑁𝑎! + 𝐸𝐷𝑇𝐴!! ⇌ 𝑁𝑎𝐸𝐷𝑇𝐴!! 1.86 -1.4 kJ  N 𝐻! + 𝐸𝐷𝑇𝐴!! ⇌ 𝐻𝐸𝐷𝑇𝐴!! 10.948 -5.2 kJ  N 𝐻! + 𝐻𝐸𝐷𝑇𝐴!! ⇌ 𝐻!𝐸𝐷𝑇𝐴!! 6.273 -3.8 kJ  N 𝐻! + 𝐻!𝐸𝐷𝑇𝐴!! ⇌ 𝐻!𝐸𝐷𝑇𝐴! 2.69 1.7 kJ  N 𝐻! + 𝐻!𝐸𝐷𝑇𝐴! ⇌ 𝐻!𝐸𝐷𝑇𝐴 2.00 0.3 kJ  N 𝐻! + 𝐻!𝐸𝐷𝑇𝐴 ⇌ 𝐻!𝐸𝐷𝑇𝐴! 1.5 0.5 kJ  N 𝐻! + 𝐻!𝐸𝐷𝑇𝐴! ⇌ 𝐻!𝐸𝐷𝑇𝐴!! 0.0 0.2 kJ  N 
 

































𝐻𝑆! ⇌ 𝑆!! + 𝐻! -12.918 12.1 kcal 5.0, 0.0 P 𝐻𝑆! + 𝐻! ⇌ 𝐻!𝑆 𝑙𝑜𝑔!"𝐾 = −11.17 + 0.02386𝑇 + 3279.0𝑇   P 

















𝑁𝐻!!   2.5, 0.0 P 𝑁𝐻!! ⇌ 𝑁𝐻! + 𝐻! 𝑙𝑜𝑔!"𝐾 = 0.6322𝑇 − 0.001225𝑇− 2835.76𝑙𝑜𝑔!"𝑇  P 𝑁𝐻!! + 𝑆𝑂!!! ⇌ 𝑁𝐻!𝑆𝑂!! 1.11   P 
 









𝑇𝑈 + 𝐻! ⇌ (𝑇𝑈)𝐻! -1.44 -5.0 kJ  N 𝐶𝐻!𝐶𝑂𝑂! + 𝐻! ⇌ 𝐶𝐻!𝐶𝑂𝑂𝐻 4.56 0.41 kJ  N 𝐻! + 𝐻𝑀𝑇𝐴 ⇌ 𝐻(𝐻𝑀𝑇𝐴)!   4.01   N 𝐻! +𝑀𝐸𝑆 ⇌ 𝐻(𝑀𝐸𝑆)!   6.270 -14.8 kJ  N 
 




𝐻!𝑂 ⇌ 𝑂𝐻! + 𝐻! 𝑙𝑜𝑔!"𝐾 = −283.971 − 0.05069842𝑇+ 13323.0𝑇+ 102.24447𝑙𝑜𝑔!"𝑇− 1119669.0𝑇!  
3.5, 0.0 P 








Appendix B. Supporting Information for Chapter 5 
B.1. Nodule Statistics 
Multiple SEM images were taken and analyzed for statistical analysis of the nodules in order 
to achieve more than 200 nodules per position. Figure B.1 shows representative SEM images used in 
the statistical analysis. In determining the nodules density, area was defined as the full SEM 
micrograph frame. Nodules that were observable by eye through contrast with the glass background 
were counted. Any nodule that lied on the edge of the frame was counted as half a nodule, 
regardless of the degree of overlap. In measuring the diameter of the nodules, Line Tool in Adobe 
Photoshop was used to measure the diameter of the nodules in pixels and to tick off the measured 
nodules. The scale bar was used to convert the pixel measurements to nanoscale values. 
 
Figure B.1. Scanning electron micrographs of Zn(S,O,OH) nodules deposited by TU recipe at (a-e) 1.5, 
(f-j) 3 and (k-o) 6 h of deposition times at various positions. These images are representative of the 
images used in the statistical analysis as summarized in Figure 5.7. 
B.2. X-ray Photoelectron Spectra 
X-ray photoelectron spectroscopy (XPS) was used to determine film composition at various 
spatial positions for Zn(S,O,OH) films deposited on CdSe/FTO/glass using thiourea (TU/CdSe) or 
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thioacetamide (TAA/CdSe). Cd and Se stoichiometry is determined from the survey spectra and are 
found to be either non-existent or  < 5 at% combined for any position. The stoichiometries obtained 
are largely those of the Zn(S,O,OH) films, with negligible contribution from the underlying CdSe 
layer. The presence of Cd and Se in some spectra also means that the film thicknesses at the 
corresponding positions are within the probe depth (5~10 nm) of the XPS technique, and thus CdSe 
surface contribution should be considered. Cd and Se can be easily subtracted from the Zn(S,O,OH) 
composition, but is more challenging for any surface oxide present after annealing. We examined 
the annealed CdSe surface and found ~10 at% O composition, which is translated to a maximum of 
0.5 at% absolute impact to the stoichiometry of the Zn(S,O,OH) film. It is also possible that the 
ammoniac bath would first remove surface oxides off of CdSe prior to Zn(S,O,OH) deposition, 
similar to the case of Cu(In,Ga)Se2. The surface oxide on CdSe can thus be effectively ignored. 
Since no significant amount of adventitious carbon was found on our films, C 1s C-C peak 
was not used for spectral shift correction. Instead, the method of determining S/(S+O) ratio used by 
Bär et al.99 is applied in reverse such that the known S/(S+O) ratio for each spectrum is used to 
determine the ideal Zn 2p3/2 peak position. All spectra of a spatial position are thus spectrally shifted 




Figure B.2. X-ray photoelectron survey spectra of Zn(S,O,OH) film deposited with thiourea precursor on 
CdSe/FTO/glass substrate at various spatial positions along the length of the film. The film at 0 mm is 
as thin as the probe depth (5~10 nm), as about 4% combined Cd and Se is present. Film at 10 – 40 mm 
has no Cd or Se, and is continuous. 
 
Figure B.3. High resolution spectra obtained at 23.5 eV pass energy for (Left) O 1s, and (Right) S 2p 
regions of TU film. For the O 1s region, the spectra were fitted with two components, identified as oxide 
and hydroxide. For the S 2p region, each spectrum was fitted with an S 2p doublet. At 0 mm, Se 3p 




Figure B.4. X-ray photoelectron survey spectra of Zn(S,O,OH) film deposited with thioacetamide 
precursor on CdSe/FTO/glass substrate at various spatial positions along the length of the film. The film 
at 0 ~ 6 mm has cracks, which exposes the underlying CdSe layer, thus has <3 at% combined Cd and 
Se. The film at 10 – 20 mm have no Cd or Se, and are continuous, whereas the film at 40 mm are as thin 
as the probe depth (5~10 nm) and ~5 at% combined Cd and Se are detected. 
 
Figure B.5. High resolution spectra obtained at 23.5 eV pass energy for (Left) O 1s, and (Right) S 2p 
regions of TAA film. For the O 1s region, the spectra were fitted with two components, identified as 
oxide and hydroxide. For the S 2p region, each spectrum was fitted with an S 2p doublet. 
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B.3. Sulfide Ion Profile Determination 
First, sulfide anti-oxidant buffer (SAOB) solution was made by adding 250 mL of 4 M 
sodium hydroxide (Sigma-Aldrich) to 200 mL of degassed DI water, followed by addition of 17.6 g 
of ascorbic acid (Sigma-Aldrich) and 37.2 g of ethylenediaminetetraacetic acid disodium dihydrate 
(EDTA) (Sigma-Aldrich). The mixture was topped up with degassed DI water to 500 mL, shaken 
well, and stored chilled. 
After the microreactor reached steady state (~2-3 residence times), the solution in the 
deposition chamber was quickly purged at 23 mL/h (Re ~ 1). A series of 0.10 mL (5 mm “spot size”) 
aliquots was collected in individual containers pre-loaded with 0.05 mL of degassed DI water and 
0.15 mL of chilled SAOB solution. The chilled SAOB quenched any further decomposition of the 
sulfur precursor, increased the pH of the sample to above 12, which converted any HS- and H2S into 
S2-, and suppressed precipitation in presence of free S2- by inhibiting free Zn2+ using EDTA.  
Calibration of voltage to S2- concentration was done by recording the voltage of sulfide 
standards made by serial dilution of sodium sulfide (Sigma-Aldrich) in SAOB solution. 
Quantification of sulfide standards was done by titration against lead perchlorate (OAKTON) 
solutions of known molarity and using the voltage inflection as an indication of the end point. 
Calibration range covers S2- concentrations of 10-2 M to 10-5 M and could be extended to the 10-7 M 
detection limit. Each data point was position-adjusted for additional residence time spent in heated 
chamber during the quick purge. 
B.4. Speciation Modeling Parameters 
In order to determine the free Zn2+ and other concentrations, the primary species in Table 
B.1 were considered. In TU and TAA cases, additional species were present according to the 
involved chemistries as described in the main text. The primary sulfide ion concentration fed into 




Table B.1. Primary species present in the modeled aqueous bath at 70 °C. In the TU case, TU 
concentration has to be considered, as most of it has not decomposed within the time scale of the 
experiment. In TAA case, total decomposition of TAA is assumed, resulting in sulfide ions, acetate ions, 
















Zn2+ 0.15  S2-  (experimentally 
determined) 
 S2-  (experimentally 
determined) SO4
2- 0.15   
NH3 4.0  TU 0.6  CH3COO
- 0.0015 






Appendix C. Supporting Information for Chapter 6 
C.1. XPS Spectra of HMTA film on CZTSe 
 
Figure C.1. X-ray photoelectron spectra of Zn(S,O,OH) on Cu2(Zn,Sn)Se4 for various deposition times. By 
10 min, Cu 2p3 and Se 3d peaks are no longer present on the surface, confirming the continuousness of 
the Zn(S,O,OH) film. 
  
115 
C.2. Supporting Grazing-Incidence XRD Data 
 
Figure C.2. Grazing incidence X-ray diffractograms of Standard film and HMTA films on glass. Vertical 
bars show relative intensities for hexagonal ZnS (PDF# 00-036-1450) and cubic ZnS (PDF# 01-077-
2100). Peaks were fitted with pseudo-Voigt line shapes. Standard film deposited at short time shows 
reduced cubic phase intensity relative to hexagonal phase at ~28°(2θ). Annealing the HMTA film at 
200°C for 1 hour did not improve the film’s crystallinity since there is no sharpening in peak widths. 
C.3. Titration Experiment Details 
The buffer 2-(N-morpholino)ethanesulfonic acid (MES) is ideal for this application because 
it does not form strong complexes with metal ions,100,101 and has pKa of 5.7 at 90 °C.15 Since the pH 
range for titration is 5.2~6.1, MES was buffering around its maximum capacity according to the 
Henderson-Hasselbalch equation. MES of 0.1 M, a minimum amount to effectively buffer the pH, 
was used, and the initial bath pH was adjusted to 5.2 at 90 °C with KOH. A syringe pump filled 
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with 1.0 M KOH fed hydroxide into the bath through a 0.04-inch ID tubing with the pH probe 
placed close to the substrate. A decreasing flow rate profile was used to mimic the hydroxide 
release by the HMTA (see Figure C.3). Bath volume was increased by 6% as a result and is not 
expected to significantly affect the chemistries. Ionic strength of the HMTA bath and the titration 
bath were 0.1~0.3 M, and variation in this range is known to not affect the rate of reaction.22,102 
 
Figure C.3. (a) pH dynamics in the Standard and HMTA bath as a function of time. In the Standard bath, 
thioacetamide decomposition consumes hydroxide ions, and pH decreases with time. In the HMTA 
bath, the thermal decomposition of HMTA leads to an increase in hydroxide ions in the bath. Titration 
with 1.0 M KOH with the flow rate profile in (b), using MES as a buffer, yields a pH profile similar to that 
of the HMTA bath (±0.1 pH unit). Using lower Zn2+ concentration, pH profile is the same as in regular 




Figure C.4. Cross-sectional scanning electron micrographs of (a) Zn(S,O,OH) nucleation layer, and (b) 
Zn(S,O,OH) film deposited for 1 hour by titration on the nucleation layer. The additional thickness from 
titration is 32 ± 4 nm on top of its seed layer. 
C.4. ATIR-FTIR of HMTA Bath with 10× Less Zn2+ Concentration 
 
Figure C.5. FTIR spectra of HMTA bath with 10× less initial Zn2+ ion concentration. The disappearance 
rate of TAA peak at ~980 cm-1 is the same as the regular HMTA bath, indicating that the accelerated 




C.5. Bath Sulfide Concentration Measurement 
First, sulfide anti-oxidant buffer (SAOB) solution was made by adding 250 mL of 4 M 
sodium hydroxide (Sigma-Aldrich) to 200 mL of degassed DI water, followed by addition of 17.6 g 
of ascorbic acid (Sigma-Aldrich) and 37.2 g of ethylenediaminetetraacetic acid disodium dihydrate 
(EDTA) (Sigma-Aldrich). The mixture was topped up with degassed DI water to 500 mL, shaken 
well, and stored chilled. 
At 5 min intervals, aliquots were extracted, filtered with 0.45 µm syringe filter, collected in 
individual containers pre-loaded with 1.00 mL of chilled SAOB solution. The chilled SAOB 
quenched any further decomposition of the sulfur precursor, increased the pH of the sample to 
above 12, which converted any HS- and H2S into S
2-, and suppressed precipitation in presence of 
free S2- by inhibiting free Zn2+ using EDTA.  
Calibration of voltage to S2- concentration was done by recording the voltage of sulfide 
standards made by serial dilution of sodium sulfide (Sigma-Aldrich) in SAOB solution. 
Quantification of sulfide standards was done by titration against lead perchlorate (OAKTON) 
solutions of known molarity and using the voltage inflection as an indication of the end point. 
Calibration range covers S2- concentrations of 10-2 M to 10-5 M and could be extended to the 10-7 M 
detection limit. 
C.6. Speciation Modeling Parameters 
In order to determine the free Zn2+ and other concentrations, the primary species in Table 
C.1 were considered. TAA and HMTA were assumed to undergo no decomposition by the time of 
the initial bath measurement. Since no data were available for TAA interaction with Zn2+ or H+ ions, 
TAA was not present in the model. The primary sulfide ion concentration fed into the model is the 





Table C.1. Primary species present in the modeled aqueous bath at 90 °C. In the HMTA case, additional 
sulfuric acid was added for pH adjustment and has to be present in the model since SO42+ binds to Zn2+. 

















Zn2+ 0.04  S2-  (experimentally 
determined) 
 S2-  (experimentally 
determined) SO4
2- 0.04   
NTA 0.04  HMTA 0.3  MES 0.1 
Na+ 0.12  SO4
2- +0.054   







Appendix D. Supporting Information for Chapter 7 
D.1. SEM Images of Microreactor-Deposited Films 
 
Figure D.1. Cross-sectional SEM micrographs of microreactor-deposited films from EDTA, NTA, and 
citrate baths at 5 mm position interval. Scale bar applies to all panels. 
D.2. Speciation Modeling Parameters 
Table D.1. Primary species present in the modeled aqueous bath at 90 °C. In the EDTA and NTA cases, 
hydrochloric acid was added for pH adjustment and the Cl- was accounted for in the model. In the 


































Zn2+ 0.04  EDTA4- 0.039  NTA3- 0.040  Citrate3- 0.088 
SO4
2- 0.04  Na+ 0.078  Na+ 0.120  Na+ 0.116 
HMTA 0.3  Cl- 0.03  Cl- 0.096    
H2O -          
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